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Abstract
Of the 20 standard amino acids, cysteines are the only amino acids that have a reactive
sulphur atom, thus enabling two cysteines to form strong covalent bonds known as disulfide
bonds. Even though almost all proteins have cysteines, not all of them have disulfide bonds.
This is because, the formation of disulfide bonds requires an oxidative environment and
hence is mostly found in extra-cellular proteins than in intra-cellular proteins, which has a
reductive environment. Disulfide bonds provide structural stability to proteins and hence
are an important constraint in determining the structure of a protein. As a result, disulfide
bonds are used to study various protein properties, one of them being protein folding.
Protein structure prediction is the problem of predicting how a protein folds, or in other
terms, it is the problem of predicting the three-dimensional structure of a protein from its
one-dimensional amino acid sequence. Ab initio methods are a group of methods that attempt
to solve this problem from first principles, using only basic physico-chemical properties of
proteins. Of the different ab initio methods, methods that use fragment assembly techniques
are recently proving to be more successful. These methods use structure libraries of short
amino acid fragments in the process of predicting the structure of a protein. The protein
structures from which these structure libraries are created are not classified in any other way
apart from being non-redundant.
In this thesis, we investigate the structural dissimilarities of short amino acid fragments
when occurring in proteins with disulfide bonds and when occurring in those proteins without
disulfide bonds. We are interested in this because, as mentioned earlier, the protein structures
from which the structure libraries of ab initio methods are created, are not classified in any
form. This means that any significant structural difference in amino acids and short fragments
when occurring in proteins with and without disulfide bonds would remain unnoticed as
these structure libraries have both fragments from proteins with disulfide bonds and without
disulfide bonds together.
2Our investigation of structural dissimilarities of amino acids and short fragments is done
in four phases. In phase one, first, by statistically analysing the Φ and Ψ backbone dihedral
angle distributions of all 8000 short fragments of length 3, we show that these fragments have
significantly different structures in terms of dihedral angles when occurring in proteins with
and without disulfide bonds. Thus, we establish that there is a significant difference in the
structures (in terms of dihedral angles) of short amino acids in the populations of proteins
with and without disulfide bonds. Now that we know there is a structural difference, in phase
two, we investigate how structurally different are the 20 different amino acids and the short
fragments when occurring in proteins with and without disulfide bonds. Using directional
statistics, and by comparing the dihedral angles distribution of all 8000 amino acid fragments
of size 3, we measure this structural difference. Results of experiments show that the measure
of structural difference of the 20 different amino acids is very different for the dihedral angles
Φ and Ψ. As a result, we define three different categories of measures of structural difference
for the 20 amino acids. This analysis reveals new information about different secondary
structure preferences of the 20 amino acids when occurring in proteins with and without
disulfide bonds. As a result, in phase three of our work, we investigate the differences in
secondary structure preference of the 20 amino acids in proteins with and without disulfide
bonds. We show that the 20 amino acids have different secondary structure preferences and
also show how as a result, the amino acids cluster differently in terms of secondary structure
propensities when occurring in proteins with and without disulfide bonds. In phase four, we
further investigate and show that there are significant differences within the same secondary
structure region of amino acids when they occur in proteins with and without disulfide bonds.
Finally, we present the design and implementation details of a dihedral angle and secondary
structure database of short amino acid fragments (DASSD) that is publicly available. Thus, in
this thesis we show previously unknown significant structure differences in terms of backbone
dihedral angles and secondary structures in amino acids and short fragments when they occur
in proteins with and without disulfide bonds.
Chapter 1
Introduction
1.1 Motivation
Proteins have been called as ‘nature’s robots’ [Tanford and Reynolds, 2001]. This is because
proteins are responsible for almost every important function in an organism. Understanding
the nature and function of proteins has been a primary goal in molecular biology. The three-
dimensional structure of a protein is of interest because a protein’s function in the living
organism is ultimately determined by the structure of the protein. Even a small change is
the structure of a protein can at times lead to dire consequences. A well known example is
the sickle-cell disease in humans [Purves et al., 2004]. This is caused by a single mutation in
a polypeptide chain of haemoglobin, which in turn alters the structure of the protein. This
example highlights the importance of studying and understanding protein structures.
Interest in protein research grew rapidly after the first three-dimensional structure of
a protein, myoglobin was reported in 1958 [Kendrew et al., 1958]. This complex three-
dimensional structure was a surprise to many [Tanford and Reynolds, 2001], especially after
having witnessed the simple and elegant double helix of DNA as reported by Watson and
Crick a few years earlier in 1953 [Watson and Crick, 1953]. Later, with the advent of com-
puters, computer assisted model building further increased the growth of the number of
three-dimensional structures reported. Today, the protein data bank [Berman et al., 2000],
which is the central repository of storing protein three-dimensional structures has more than
40,000 structures of proteins in it. But, when compared to the number of protein sequences
that have been determined to date, the growth of the protein structures seem very slow.
UniParc, which is part of the UniProt Databases [Wu et al., 2006] stores an astonishing
14,825,866 protein sequences (UniProt release 12.2). This shows the obvious difference be-
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tween the growth of sequence and structure databases. One of the primary reasons why the
structure databases are unable to keep up with the sequence databases is because structure
determination of a protein using experimental methods such as X-ray crystallography and
NMR spectroscopy are time consuming as well as expensive. As a result of this imbalance
between the number of known sequences and number of known structures, researchers have
been trying to predict the three-dimensional structure of a protein from its sequence in-
formation using computational methods. This is known as the problem of protein structure
prediction and is indeed considered as the ‘holy grail’ of molecular biology and bioinformatics
[Berendsen, 1998].
There are many methods that use differing types of techniques to predict the structure
of proteins. These methods can be roughly grouped into three classifications. 1) Homology
modeling methods that make use of structures of proteins that have been solved experimen-
tally [Sa´nchez and Sali, 1997; Contreras-Moreira and Bates, 2002; Kopp and Schwede, 2006].
These methods predict the structure of a target protein sequence by first searching the li-
brary of known structures for homologs (other proteins that share a common ancestor with
the target protein) and then making use of those template structures. 2) Fold recognition
or threading methods that attempt prediction by ’threading’ the target sequence through
all known protein folds [McGuffin and Jones, 2003; Miller et al., 1996; Bates et al., 2001;
Karplus and Hu, 2001]. 3) Ab initio protein structure prediction methods attempt to predict
the three-dimensional structure of proteins from first principles. In other terms, these meth-
ods predict the structure of proteins by simulating the basic physico-chemical properties of
proteins [Bradley et al., 2005; Karplus et al., 2005; Jones et al., 2005; Srinivasan et al., 2004;
Zhang et al., 2003]. Amongst different ab initio methods, a group of methods using frag-
ment assembly techniques are recently proving to be more successful [Bujnicki, 2006]. These
methods use structure libraries of short amino acid fragments to predict protein structures.
Fragments from these libraries are selected and assembled to build protein models by sim-
ulating various physico-chemical properties. Rosetta [Bonneau et al., 2001; Bradley et al.,
2003; Rohl et al., 2004; Bradley et al., 2005], UNDERTAKER [Karplus et al., 2005] and
FRAGFOLD [Jones, 2001; Jones et al., 2005] are three well known ab initio methods that
use fragment assembly techniques. All three methods use structure libraries of short amino
acid fragments to predict the tertiary structure of proteins. Following is an explanation of
the type of structure libraries these methods use and how they use them to predict protein
structures.
Rosetta [Bonneau et al., 2001; Bradley et al., 2003; Rohl et al., 2004; Bradley et al., 2005]
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was developed by the Baker group and has proven to be successful in the past two CASP
protein structure prediction competitions [Moult et al., 2005]. For the protein sequence whose
structure needs to be predicted, Rosetta creates structure libraries of all overlapping short
fragments of lengths 3 and 9. These fragments are obtained from known protein structures
with better than 2.5A˚ resolution and less than 50% sequence identity. Using secondary
structure prediction and sequence profiles, these fragments are ranked and the final fragment
list for the query contains 200 three and nine residue fragments. Finally these fragments are
assembled using a Monte Carlo search, producing decoy structures.
In the ab initio method UNDERTAKER, developed by Karplus et al., structure libraries
of very short fragments of lengths 1-4 that exactly match the target sequence are used
to assemble protein structures [Karplus et al., 2005]. These fragments are obtained from
about 1300 protein structures with good resolution. Apart from libraries of short fragments,
UNDERTAKER also uses medium length segments (9-12 amino acids) and variable length
segments. Similarly, FRAGFOLD developed by Jones uses short fragments of lengths 3-5 to
predict the tertiary structure of proteins [Jones, 2001; Jones et al., 2005].
From the above discussion of different ab initio methods, it is clear that short amino
acid fragments and their structures are an important constraint in ab initio protein structure
prediction. It is also clear that the structure libraries of short amino acid fragments used
by these methods are created from a set of non-redundant protein structures and that these
protein structures from which the fragment libraries are created are not classified or grouped
based on any factors apart from being non-redundant.
The goal of the research presented in this thesis is to investigate and present information
on significant structure differences in short amino acid fragments that has not been identified
before. The structure differences of amino acids we investigate on is based on the presence and
absence of special bonds found in many proteins known as disulfide bonds. Disulfide bonds,
which are covalent bonds between two cysteine amino acids are of significant importance in
the study of protein structures as they are shown to provide structural stability to proteins
[Wang et al., 2004; Bulaj, 2005; Bastolla and Demetrius, 2005]. As a result, disulfide bonds are
used to study various properties of proteins such as the function [Abkevich and Shakhnovich,
2000; Hogg, 2003], energetics [Abkevich and Shakhnovich, 2000], evolution [Bastolla and
Demetrius, 2005] and folding [Thangudu et al., 2005]. Disulfide bonding information are
also used in tertiary structure prediction methods as it has been shown that predicting the
disulfide bonds in a protein can dramatically reduce the conformational search space of a
protein [Martelli et al., 2003].
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As explained earlier, the fragment structure libraries used by knowledge based ab initio
methods are created from proteins that are not classified based on any factors apart from
being non-redundant. This means that, the structure libraries used by these ab initio methods
contain fragments obtained from both sets of proteins with and without disulfide bonds
together. If the structures of short amino acid fragments are significantly different when
occurring in proteins with disulfide bonds and in proteins without disulfide bonds, this would
mean that, the structure libraries used by these ab initio methods would contain identical
sequences with significantly different structures. As a result, during structure prediction of
a sequence, querying the structure library would give dissimilar fragment structures of the
same short sequences, which in turn would affect the quality of the predicted protein models.
In this thesis, by showing that the structure of short fragments in terms of dihedral an-
gles and secondary structures are different when these fragments occur in proteins with and
without disulfide bonds, we suggest that, ab initio protein structure methods and secondary
structure prediction methods classify their libraries based on fragments derived from proteins
with disulfide bonds and fragments derived from proteins without disulfide bonds and use one
of these libraries depending on the disulfide bonding status of the query sequence. During
protein structure prediction, it is likely that the disulfide bonding state of the protein would
be known in advance, often depending on if the protein is intra-cellular or extra-cellular. And
if such knowledge is not available, then the structure prediction methods can use disulfide
bonding prediction methods [Muskal et al., 1990; Fariselli et al., 1999; Fiser and Simon, 2000;
Fariselli and Casadio, 2001; Mucchielli-Giorgi et al., 2002; Ceroni et al., 2003] to determine
if the protein would have disulfide bonds or not. Hence, before attempting to predict the
structure of proteins, the disulfide bonding state of a protein is often known. It is important
for ab initio methods and protein secondary structure prediction methods to classify their
fragment structure libraries based on fragments obtained from proteins with disulfide bonds
and from proteins without disulfide bonds, as this classification process would separate dis-
similar structures of identical fragments, which otherwise would be mixed together in the
same structure library.
1.2 Objective
The general objective of this thesis is to investigate any differences in the structures of
short fragments of amino acids and individual amino acids when they occur in proteins
with disulfide bonds and when occurring in proteins without disulfide bonds. The research
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presented in this thesis is cascading in nature, that is, the results of investigating a first
research question lead to a second research question and its results lead to a third research
question and so on. The following is the order in which we asked research questions and
answered them.
1. The first question we investigated was whether there are any differences in the structures
of short amino acid fragments when occurring in proteins with and without disulfide
bonds.
By statistically analysing the Φ and Ψ dihedral angle distributions of 8000 short frag-
ments of amino acids that were derived separately from proteins with and without
disulfide bonds, we show that there is a significant difference in the structures in terms
of dihedral angles of short amino acid fragments when they occur in proteins with
disulfide bonds and in those proteins without disulfide bonds.
2. Now that we established that a significant difference existed, the next question we
investigated was, where lies the difference? In other words, which short fragments and
more importantly which amino acids exhibit this structural difference and how different
are they?
In order to answer these questions, we use directional statistics and define measures of
structural differences for the amino acids. This measure shows the degree to which an
amino acid is structurally different when it occurs in proteins with and without disulfide
bonds. Analysing these different measures revealed new information on differences in
secondary structure characteristics of the 20 different amino acids.
3. As a result of the new observations obtained from analysing the previous question,
we next investigated the secondary structure differences in proteins with and without
disulfide bonds.
As a result of this investigation we show that the distribution of secondary structures
in proteins with and without disulfide bonds are different and also show how they are
different. We also show that the distribution of the secondary structures of the amino
acids are different in proteins with and without disulfide bonds and show how they are
different. Finally, we show that the secondary structure propensities of amino acids in
proteins with and without disulfide bonds are different and how they are different.
4. Now that we clearly know how the secondary structure differences in proteins with and
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without disulfide bonds, next we investigated whether there are any differences within
the same secondary structure regions for amino acids in proteins with and without
disulfide bonds, that is, within helices, within sheets and within coils.
Using directional statistics and secondary structure details of the amino acids we show
that there is a significant difference in terms of the dihedral angles within the same
secondary structures of all amino acids in proteins with and without disulfide bonds.
Therefore in this thesis, we have systematically shown that short fragments and amino
acids have significantly different structural preferences in terms of backbone dihedral angles
and secondary structures when occurring in proteins with and without disulfide bonds. At
the end of this thesis, we discuss how these results should be made use of by secondary and
tertiary structure prediction methods.
1.3 Outline
The rest of this thesis is organised as follows:
• Chapter 2 presents the background information in terms of proteins, protein structures
and protein structure prediction methods. This just forms the general background
required for this thesis. Background details of specific topics that are required for
individual chapters are presented in those chapters separately.
• Chapter 3 presents the investigation and results of analysing whether there is a differ-
ence in the structure of short fragments of amino acids when occurring in proteins with
and without disulfide bonds.
• Chapter 4 presents the work where measures of structure differences for amino acids
and short fragments are defined when they occur in proteins with and without disulfide
bonds.
• Chapter 5 presents the investigation and results of analysing the secondary structure
differences in amino acids when occurring in proteins with and without disulfide bonds.
• Chapter 6 presents the investigation and results of analysing the differences within
secondary structures for amino acids when occurring in proteins with and without
disulfide bonds.
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• Chapter 7 details the design and implementation of a dihedral angle and secondary
structure database of short fragments that we had designed.
• Chapter 8 concludes this thesis and details on how the results of the research presented
in this thesis should be used by protein structure prediction methods.
Chapter 2
Background
In this chapter, we discuss in detail the background information on proteins and their build-
ing blocks, the different types of protein structures and their classifications and finally, the
different protein structure prediction methods.
2.1 Proteins
In this section, we discuss amino acids and their different classifications, the structure of
amino acids, the nature of the peptide bond, dihedral angles and a means of plotting these
angles known as Ramachandran plots.
2.1.1 Amino acids
Proteins are macromolecules that play important roles in almost all functions of a living
system. They are made of building blocks known as amino acids. There are 20 different
types of amino acids that make up the protein world. Table 2.1 gives the full name along
with the one-letter and three-letter codes of the 20 amino acids. These amino acids can be
divided into groups based on their chemical nature as follows [Branden and Tooze, 1999]:
• Hydrophobic amino acids: ALA, VAL, LEU, ILE, PHE, PRO and MET.
• Charged amino acids: ASP, GLU, LYS and ARG.
• Polar amino acids: SER, THR, CYS, ASN, GLN, HIS, TYR and TRP.
• GLY having the simplest side chain, a single hydrogen atom is placed separately as it
has special structural properties.
10
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2.1.2 Structure of an amino acid
Figure 2.1 shows the structure of a single amino acid residue. An amino acid consists of
a central carbon atom (α-carbon - CA in figure). As shown in the figure, the α-carbon is
attached to an amino group NH2 and to a carboxy group COOH. The α-carbon atom is
also attached to a hydrogen atom H. This entire structure (NH2 − CH − COOH) is the
same for all the 20 different amino acids. The difference between these amino acids lie in the
side chain component denoted as R in Figure 2.1.
Full name One-letter code Three-letter code
Alanine A ALA
Arginine R ARG
Asparagine N ASN
Aspartic acid D ASP
Cysteine C CYS
Glutamine Q GLN
Glutamic acid E GLU
Glycine G GLY
Histidine H HIS
Isoleucine I ILE
Leucine L LEU
Lysine K LYS
Methionine M MET
Phenylalanine F PHE
Proline P PRO
Serine S SER
Threonine T THR
Tryptophan W TRP
Tyrosine Y TYR
Valine V VAL
Table 2.1: Amino acids with their one-letter and three-letter codes
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Figure 2.1: An amino acid residue
2.1.3 Peptide Bonds
Amino acids combine in different combinations and take up different lengths to form proteins.
The different amino acids in a protein chain are linked by a peptide bond as shown in
Figure 2.2 (top). This figure shows three amino acids linked by peptide bonds. The bond
between the C atom of the carboxy group of one amino acid and the N atom of the amino
group of the next amino acid in the chain is known as the peptide bond. This entire link of
all the amino acids in the protein is known as the backbone of the protein.
2.1.4 Dihedral Angles
The flexibility of a protein chain does not come from the peptide bonds, but from the bonds
between N − CA and CA − C of an amino acid. The angles determined by these bonds
are known as dihedral angles and are shown in Figure 2.2 (bottom). A dihedral angle is
defined as the angle between two planes, or the angle formed by four points in 3-dimensional
space. In a protein chain, the CA atoms of consecutive amino acids lie in the same plane.
This is shown in Figure 2.2 (bottom). This figure shows three amino acids. Here, the CA of
amino acid 1, C of amino acid 1, N of amino acid 2 and CA of amino acid 2 lie in the same
plane in 3-dimensional space (shown as Plane 1 in figure). Similarly, the CA of amino acid
2, C of amino acid 2, N of amino acid 3 and CA of amino acid 3 lie in the same plane in
3-dimensional space (shown as Plane 2 in figure). Similarly, the CA of amino acid 1 and N
of amino acid 1 form a plane and CA of amino acid 3 and C of amino acid 3 form another
plane.
A dihedral angle is defined as four points in 3-dimensional space. Accordingly, in Fig-
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Figure 2.2: Top: Amino acid chain showing peptide bonds; Bottom: Amino acid chain
showing dihedral angles and peptide planes
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ure 2.2 (bottom), the following dihedral angles are present (Below, the statement N of Amino
acid 1 will be shown just as N(1) and so on):
• A dihedral angle formed by the plane determined by N(1) and CA(1) and the plane
determined by CA(1), C(1) and N(2). In other words, this is the rotation determined
by the bond CA − C of Amino acid 1. This dihedral angle formed by the CA − C of
any amino acid is known as Psi and is denoted as Ψ.
• A dihedral angle formed by the plane determined by C(1), N(2) and CA(2) and the
plane formed by CA(2) and C(2). In other words, this is the rotation determined by
the bond CA−N of Amino acid 2. This dihedral angle formed by the CA−N of any
amino acid is known as Phi and is denoted as Φ.
• A dihedral angle is formed by the plane determined by N(2) and CA(2) and the plane
determined by CA(2), C(2) and N(3). This forms the Ψ of Amino acid 2.
• A dihedral angle is formed by the plane determined by C(2), N(3) and CA(3) and the
plane determined by CA(3) and C(3). This forms the Φ of Amino acid 3.
2.1.5 Ramachandran Plots
As discussed earlier, every amino acid has two dihedral angles, Φ and Ψ. Some combinations
of the Φ and Ψ angles are sterically not allowed. A very useful way to view this information is
using the Ramachandran plots or diagrams [Ramachandran et al., 1963; Branden and Tooze,
1999; Lesk, 2001]. This involves plotting the Φ Ψ pair of dihedral angles in a 2-dimensional
graph. Figure 2.3 (a) shows the Ramachandran plots for all amino acids except GLY. This
figure shows the regions that are sterically allowed (bright region in figure) and disallowed.
The sterically allowed region can be roughly divided into three sections as shown in the figure.
These are divided based on the secondary structure of the amino acid, which is determined by
the Φ Ψ combination. These three regions are right handed Alpha-helices (Alpha in figure),
Beta sheets (Beta in figure) and left handed Alpha-helices (L-Alpha in figure). Secondary
structures are discussed in detail in the following section.
Figure 2.3 (b) shows the Ramachandran plots for the amino acid GLY. The plot for GLY
is very different from all other amino acids in the sense that, the Φ Ψ combination of GLY
has more sterically allowed regions than others. This is because, as explained earlier GLY
has the simplest side chain, a single hydrogen atom. This simplicity in the structure of the
side chain allows GLY to have a vast range of Φ and Ψ angles. (The Ramachandran plots
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of Figure 2.3 were obtained from the accompanying online software of Kleywegt and Jones
[1996])
(a)
(b)
Beta
Alpha
L-Alpha
Figure 2.3: (a) Ramachandran plot of all amino acids except GLY; (b) Ramachandran plot
of GLY
2.2 Protein Structures
2.2.1 Levels of Protein Structure
The structure of a protein can be described in four different stages; primary, secondary,
tertiary and quaternary. Figure 2.4 shows these different structures of the protein coded
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1HA3 in the protein data bank. The primary structure of a protein is defined as the sequence
of amino acids that make up the protein chain. This is partly shown in Figure 2.4 (a).
Secondary structures in a protein are defined as repeating regular units of structures. Two
major secondary structures are the alpha helix and the beta sheet. This is shown in Figure 2.4
(b). Many of these secondary structures combine to form a compact unit called a domain
and the resulting structure of the domain is known as the tertiary structure of a protein and
is shown in Figure 2.4 (c). A protein can at times be made up of more than one polypeptide
chain. The final three-dimensional structure formed by all the different polypeptide units
of a protein is known as the quaternary structure of a protein. Figure 2.4 (d) shows the
quaternary structure of the protein 1HA3, which is made up of two polypeptide chains.
2.2.2 Secondary Structure
The two major secondary structures in proteins are the alpha helix and the beta sheet. These
are formed by regular patterns of hydrogen bonds as shown in Figure 2.5. An alpha helix
is formed by the regular hydrogen bonding between the NH group of amino acid i and the
C = O group of the amino acid i + 4. Figure 2.5 (a) shows the hydrogen bonding between
amino acids of an alpha helix stretch in both the stick and backbone model. Many alpha
helices have a hydrophobic and hydrophilic face, where the hydrophilic side of the helix faces
the external aqueous solvent and the hydrophobic side faces the interior of the core of the
protein. Slightly different forms of the helical structure also exist. 310 helices are more
tightly wound than the alpha helix in the sense, the hydrogen bonds are between NH group
of amino acid i and the C = O group of the amino acid i + 3. Similarly, pi-helices are less
tightly wound than the alpha helix in the sense, the hydrogen bonds are between NH group
of amino acid i and the C = O group of the amino acid i+ 5.
Unlike an alpha helix that forms from a single stretch of amino acids, beta sheets are
formed between different regions of amino acid stretches. A beta sheet is formed by hydrogen
bonds between two stretches of amino acids called as beta strands. An example is given in
Figure 2.5 (b), which shows the hydrogen bonding between amino acids of a beta sheet in
both the stick and backbone model. There are two types of beta sheets, parallel and anti-
parallel. Parallel beta sheets are formed when hydrogen bonds are formed between two beta
strands that run along the same direction and anti-parallel beta sheets are formed when
hydrogen bonds are formed between two beta strands that run in opposite directions. Since
both helices and sheets have regular repeating patterns, the Φ and Ψ dihedral angles of the
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ALA LYS GLY GLU PHE ILE ARG THR LYS PRO HIS VAL ASN 
VAL GLY THR ILE GLY HIS VAL ASP HIS GLY LYS THR THR
LEU THR ALA ALA LEU THR PHE VAL THR ALA ALA GLU ASN
PRO ASN VAL GLU VAL LYS ASP TYR GLY ASP ILE ASP LYS
.....
(a)
(b)
(c)
(d)
Figure 2.4: (a) Primary structure; (b) Secondary structure; (c) Tertiary structure and; (d)
Quaternary structure of the protein 1HA3
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(a)
(b)
Figure 2.5: (a) Stick and Backbone representations of an alpha-helix; (b) Stick and Backbone
representations of a beta sheet; Hydrogen bonds between Oxygen and Nitrogen atoms are
shown as dotted lines
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amino acids forming these structures fall close to a characteristic set of values as shown in
Table 2.2 [Lesk, 2001].
Secondary Structure Φ Ψ
alpha helix -57 -47
310 helix -49 -26
pi-helix -57 -70
parallel beta strand -119 113
anti-parallel beta strand -139 135
Table 2.2: Dihedral angles of secondary structures
2.2.3 Protein Structure Classifications
The secondary structures combine to form higher structures called super-secondary structures
or motifs. The different types of motifs observed are [Branden and Tooze, 1999; Lesk, 2001],
• helix-loop-helix, which has a helical structure joined to a different helical structure using
a loop.
• β-hairpin that has two beta strands connected using a loop. The beta sheets in this
case are always anti-parallel.
• greek key, which is formed by four anti-parallel beta strands.
• β-α-β that is formed by a beta strand attached to an alpha helix, which is then attached
to another beta strand. In this case, the beta sheets are always parallel.
The next level of classification is known as domains. Domains are formed by the combi-
nation of different structural motifs. A domain is defined as a polypeptide chain or part of a
chain that can independently fold into a stable tertiary structure. Finally, the whole protein
can be classified into different categories based on the secondary and tertiary structures as
shown below [Lesk, 2001].
• α - these proteins are exclusively or almost exclusively made of alpha helices.
• β - these proteins are exclusively or almost exclusively made of beta sheets.
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• α + β - these proteins made of alpha helices and beta sheets in different parts of the
structure and they do not have the β-α-β motif.
• α/β - these proteins are made up of β-α-β motifs.
• α/β linear - these proteins are made up of β-α-β motifs where the beta strands are
roughly linear in shape.
• α/β barrels - these proteins are made up of β-α-β motifs where the beta strands are
roughly barrel shaped.
• Little or no secondary structure
Currently there are more than 40,000 protein structures in the protein data bank1. There
are databases that classify these large number of protein structures in formal ways, so that
retrieval and analysis of the structures becomes easier. The SCOP (Structure Classification
Of Proteins) database classifies protein structures based on their evolutionary and structural
relationships, where the classification is based on the domains of the proteins rather than the
entire structure of proteins [Murzin et al., 1995; Andreeva et al., 2004]. In SCOP, the lowest
level consists of individual domains. The first level of classification is called Families, which
consists of domains that are similar, either based on sequence similarity or having extremely
similar structure and function. The next level of classification is known as Superfamilies,
which group families together that have structure and functional similarities but do not
possess sequence similarity. The next level of classification is Folds, which group Superfamiles
that have a common folding topology, or in other words that have a common core structure.
Finally, each Fold is grouped into Classes. The five major classes of SCOP are α, β, α+ β,
α/β and small proteins. The current release of SCOP (1.71)2 has 75,930 domains classified
into 971 folds, 1,589 superfamilies and 3,004 families.
Another database that classifies protein structures is CATH (Class, Architecture, Topol-
ogy, Homologous superfamily) [Orengo et al., 1997; Pearl et al., 2003]. In CATH, the first
level of classification is known as Sequence families, which groups together proteins with
similar structures, sequences and functions. The next level of classification known as Homol-
ogous superfamily consists of homologous proteins, which share similar sequence and struc-
ture similarities. Further, homologous superfamilies that share similar spatial arrangements
1http://www.rcsb.org/pdb/statistics/holdings.do - accessed 11 Nov 2007
2http://scop.berkeley.edu/count.html#scop-1.71 - accessed 11 Nov 2007
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and connectivity of the secondary structures are grouped together to form Topologies. The
next classification in CATH is Architecture, which consists of groups of proteins that share
similar secondary structure arrangements, but with different connectivity. The final class of
CATH is Class, which consists of similar Architectures. The different classes of CATH are
α, β, α− β and domains of low secondary structure. The current version of CATH (3.1.0)3
consists of 93,885 domains grouped into 2,091 Homologous superfamilies, 1,084 topologies
and 40 architectures.
2.3 Protein Structure Prediction
The nearly 40,000 protein structures that are currently present in the protein data bank
were determined using two different experimental methods known as X-ray crystallography
and NMR spectroscopy. But determining the structure of proteins using these methods are
both expensive and time consuming. As a result, since Anfinsen showed that it was possible
to denature a protein and then again re-fold it [Anfinsen, 1973; Anfinsen and Haber, 1961],
attempts have been ongoing to predict the structure of a protein from its amino acid sequence
information.
2.3.1 Secondary Structure Prediction
The goal of secondary structure prediction is to accurately predict the helix, sheet and coil
regions of a protein, given only its amino acid sequence. Secondary structure prediction forms
the first part in predicting the tertiary structure of a protein. There are many prediction
methods that use different techniques to predict the secondary structure of proteins. Some
of the well known algorithms are presented below. PHD uses the machine learning method
neural networks to predict secondary structures [Rost and Sander, 1993; Rost et al., 1994].
PSIPRED uses PSI-BLAST along with a neural network system that is similar to PHD to
predict secondary structures [Jones, 1999a; McGuffin et al., 2000]. Similarly SSpro uses bi-
directional recurrent neural networks for its prediction [Pollastri et al., 2002]. HMMSTR
uses hidden markov models [Bystroff et al., 2000] to predict secondary structures of pro-
teins. JPred2 predicts the secondary structure by combining the results of various secondary
structure prediction methods [Cuff et al., 1998]. A detailed review of the different secondary
structure prediction methods can be found from [Rost, 2001].
3http://www.cathdb.info/cgi-bin/cath/GotoCath.pl?link=releases.html - accessed 11 Nov 2007
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2.3.2 Tertiary Structure Prediction
The goal of tertiary structure prediction methods is to predict the three-dimensional structure
of a protein from its amino acid sequence. There are three groups of tertiary structure
prediction methods, homology modeling, fold recognition and ab initio methods. Each of
these is discussed below.
Homology Modeling
To predict the tertiary structure of a target protein, homology modeling or comparative
modeling methods makes use of structural information from proteins with similar sequences
as that of the target protein. This is because, it is known that a high degree of sequence
similarity leads to structure similarities in proteins. There are seven steps that define the
process of homology modeling and are detailed below [Bourne and Weissig, 2003].
1. Template recognition and initial alignment:
In this step, the target protein sequence is compared with other sequences to find
homologous matches based on sequence similarity. For this step, algorithms such as
BLAST [Altschul et al., 1990] or FASTA [Pearson and Lipman, 1988] are used to quickly
identify homologs.
2. Alignment correction:
Having found the best template for the target protein sequence in the previous step,
the next step is to find matches for those sections of the target sequence that have a
low percentage of sequence identity. These sections can be aligned from other homologs
of the target sequence. A method known as multiple sequence alignment can also be
used at this step, which aligns a number of related sequences. CLUSTALW is a widely
used multiple sequence alignment method [Thompson et al., 1994].
3. Backbone generation:
Once the alignment for the target sequence is made using the previous two steps,
the next step involves starting to build the model. In this step, the backbone of the
target sequence is built by copying the coordinates of the template amino acids that
were in alignment with the target sequence. If both the template amino acid and the
target amino acid were the same, then the backbone coordinates and the side chain
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coordinates are copied. On the other hand, if the template amino acids were different
from the target amino acids, then only the backbone coordinates are copied.
4. Loop modeling:
In the previous step, the secondary structure elements would have been modelled. This
step known as loop modeling involves in modeling the gaps in the sequence, which are
the regions connecting the secondary structures together. This step is one of the most
difficult steps in homology modeling. Loop modeling is either done by searching the
PDB for structures of loops that connect amino acids similar to the one required in the
target sequence or by building the loop using energy minimization techniques.
5. Side chain modeling:
This step involves modeling the side chain structure of the target sequence. At high
levels of sequence identity between the template sequence and the target sequence,
the side chain coordinates of the template sequence are simply copied to the target
sequence. In places of low sequence identity, the side chains are modelled primarily by
using libraries of side chain angles (rotamers). Different rotamers from the library are
tried in the model using various energy minimization methods.
6. Model optimization:
Now that the entire model is built for the target sequence, the next step is to optimize
the model. This is achieved using a various number of energy minimization steps, where
the angles of the backbone structure and the side chain are tweaked in order to achieve
the optimum model.
7. Model validation:
The final step in homology modeling is to validate the model. This step involves in
checking the normality of different factors of the model such as the length of the bonds,
bond and torsion angles and the distribution of polar and non-polar amino acids.
The above described seven steps forms the basis of homology modeling. Different homol-
ogy modeling methods choose to implement these steps in different ways in order to improve
prediction. Some of the well know homology modeling methods are MODELLER [Sali and
Blundell, 1993; Sa´nchez and Sali, 1997], 3D-JIGSAW [Bates and Sternberg, 1999; Bates et al.,
2001; Contreras-Moreira and Bates, 2002] and SWISS-MODEL [Schwede et al., 2003; Kopp
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and Schwede, 2004; 2006]. HOMSTRAD [Mizuguchi et al., 1998; de Bakker et al., 2001;
Stebbings and Mizuguchi, 2004] and MODBASE [Sa´nchez and Sali, 1999; Pieper et al., 2002;
2006] are databases that contains homology models of proteins.
Fold Recognition
Fold recognition or threading is somewhat similar to homology modeling. In homology
modeling, the target sequence was compared with other protein sequences based on sequence
similarity. This was done, as it is known that proteins with high sequence similarity tend to
have structural similarities as well. So, if the target sequence has no homologous structures,
homology modeling cannot be used. In fold recognition or threading, the target sequence is
compared not with the sequence of other proteins but with the structure of other proteins.
These methods derive their logic from two ideas. First, there are only a limited number
of folds that proteins could take and that all structures that are observed are basically
derived from these core folds. Second, the evolutionary process preserves structures better
than sequences in proteins. Therefore, even if two homologous proteins have significant
dissimilarities in their sequences, their structures might still be closely related.
The idea behind threading is to ‘thread’ the target sequence through the known folds. In
other words, threading involves building many models of the target sequence using the differ-
ent types of known folds. Like homology modeling, threading has some general requirements
as shown below.
1. A core fold library of known structures through which the target sequence would be
threaded.
2. A scoring function that assesses the quality of threading the target sequence through
a known fold.
3. A heuristic function that is used to search for the optimal alignment of the target
sequence with a specific fold.
Different fold recognition methods implement these requirements in various ways to predict
protein structures. Some of the well known fold recognition methods are GenTHREADER
[Jones, 1999b; McGuffin and Jones, 2003], THREADER [Miller et al., 1996], 3D-PSSM [Kel-
ley et al., 2000; Bates et al., 2001] and SAM-T99 [Karplus and Hu, 2001].
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Ab initio modeling
When the target protein sequence does not have any homologs based on sequence similarity, in
which case homology modeling cannot be used, as well as, when the target protein sequence
does not have any template structure, in which case threading cannot be used, ab initio
methods come into play. Ab initio methods do not make use of known protein structure
like homology modeling or threading methods. In other words, these methods attempt to
predict the tertiary structure of a protein from ‘first principles’ by simulating the various
physico-chemical properties of the amino acids. As a result, they are considered to be the
most difficult of all the types of tertiary structure prediction methods. The general properties
of an ab initio method can be described in the following steps [Orengo et al., 2003]:
1. Define a simplified representation of the protein chain.
2. Define energy functions that simulates or models the physicochemical properties of the
protein.
3. Search the conformational space for the structure with the lowest energy.
Some ab initio methods called as knowledge-based ab initio methods use libraries of
short fragments of amino acids obtained from known structures in their prediction, where
they build new structures by assembling different short fragments from the structure libraries.
ROSETTA [Bonneau et al., 2001; Bradley et al., 2003; Rohl et al., 2004; Bradley et al., 2005],
which is a very successful ab initio prediction algorithm is a well known example of such a
method. Explained below is a very brief outline of how Rosetta uses short fragments to
predict the structure of a protein.
1. Fragment library generation: In this step, for the query sequence, fragment libraries
of all overlapping three and nine-residue segments are extracted from protein struc-
ture database by using a sequence profile comparison method. This is the step where
libraries of short fragments of amino acids are created.
2. Fragment assembly: In this step, fragments from the library that was created in the
previous step are assembled to form protein-like structures (decoy structures) using a
Monte Carlo search with an energy function favouring compact structures and buried
hydrophobic amino acid residues. In this step, for a query sequence, thousands of decoy
structures are created using various combinations of the fragments from the library of
short fragments.
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3. Clustering: In this step, the thousands of decoy structures are clustered and the centres
of the largest clusters are selected as the predicted models.
Some of other well known ab initio methods are UNDERTAKER [Karplus et al., 2005],
FRAGFOLD [Jones, 2001; Jones et al., 2005], LINUS [Srinivasan et al., 2004] and TOUCH-
STONE [Kihara et al., 2001; Skolnick et al., 2003; Zhang et al., 2003].
2.3.3 CASP
The Critical Assessment of Structure Prediction or CASP is an event that is run every two
years [Moult, 2005]. CASP conducts blind tests of protein structure predictions. Before
the event, the organisers release a set of protein sequences whose structures are currently
being determined by X-ray crystallographers and NMR spectroscopists who agree not to
release the structure details of these proteins until the event. There are three categories in
CASP, comparative modeling, fold recognition and ab initio structure prediction. Once the
sequences are released, the predictors go on about predicting the structures of these sequences
and submit them to CASP. A team can submit more than one structure per sequence. Then,
the CASP organisers compare the submitted structures with the solved structures of the
sequences and declare the best prediction methods in a meeting. The best predictors are
invited to present their method to the rest in the meeting and also details of the meeting are
published in a special issue of the journal Proteins4. ROSETTA has been a clear winner in
the ab initio category in the recent CASP competitions. The next CASP event is to be held
in 2008. Details of the target sequences of all previous CASP events can also be found from
the CASP website5.
4http://www3.interscience.wiley.com/journal/36176/home - accessed 22 Feb 2008
5http://predictioncenter.gc.ucdavis.edu/ - accessed 11 Nov 2007
Chapter 3
Structure Differences in Short
Fragments∗
3.1 Introduction
Disulfide bonds are strong covalent bonds between two cysteine amino acids and are usually
found only in extra-cellular proteins [Branden and Tooze, 1999]. Hence, even though almost
all proteins have cysteines in them, not all have disulfide bonds. Due to its strong bonding
characteristics, disulfide bonds play an important role in contributing to the structural sta-
bility of proteins [Wang et al., 2004; Bulaj, 2005; Bastolla and Demetrius, 2005]. As a result,
disulfide bonds are used in various ways to study proteins and its properties. Early work
on using disulfide bonds to study protein structures used these bonds to decrease conforma-
tional search space of proteins by taking into account the protein’s long-range interactions
[Meirovitch and Scheraga, 1981; Kikuchi et al., 1985]. Recent studies using disulfide bonds in
protein structures focus on classifying disulfide bonding patterns in proteins and using these
patterns to identify relationship between proteins [Benham and Jafri, 1993; Mas et al., 1998;
2001; Chuang et al., 2003; Van Vlijmen et al., 2004; Gupta et al., 2004; Lenffer et al., 2004;
Cheek et al., 2006].
In this chapter, we investigate the following research question
• Do short amino acid fragments have significant structural differences when occurring
in proteins with disulfide bonds and when occurring in those proteins without disulfide
bonds?
∗The work presented in this chapter have appeared in [Dayalan and Bevinakoppa, 2004; Dayalan, 2005]
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In this chapter, to investigate the structural differences of short fragments in proteins
with and without disulfide bonds, we compare the Φ and Ψ dihedral angle distributions of
all 8000 short fragments of length 3 (203) that were derived separately from proteins with
disulfide bonds and from proteins without disulfide bonds. By statistically analysing these
distributions, we show that structures of these identical short fragments are significantly
different [Dayalan and Bevinakoppa, 2004]. This finding forms the first step in investigating
how structurally different are each of the 20 amino acids when occurring in proteins with
and without disulfide bonds and how to measure this difference (this is explored in Chapter
4).
This chapter is further organized as follows: Section 3.2 details the nature of disul-
fide bonds. Section 3.3 discusses in detail, how disulfide bonds are used to study protein
properties and more specifically structures of proteins. Section 3.4 details the experimental
methodology used to investigate the research question and Section 3.5 presents and analyses
the results of experiments. In Section 3.6, a simple protein structure prediction method is
used to demonstrate the structural difference of short amino acid fragments when occurring
in proteins with and without disulfide bonds and it also shows an example where this finding
can be used in protein structure prediction [Dayalan, 2005]. Finally Section 3.7 concludes
this chapter.
3.2 Disulfide Bonds
Of the 20 standard amino acids, cysteine is the only amino acid with a reactive sulphur
atom. As a result, when the thiol (-SH) groups of two cysteines are proximal to each other
in the three-dimensional structure of a protein, they are able to form a disulfide bond by
the process of oxidation. This is shown in Figure 3.1, where a hydrogen atom from each
cysteine, together bonds with an oxygen atom from the surrounding environment forming a
water molecule. As a result, the two sulphur atoms of the cysteines form a covalent bond
known as disulfide bond. This process requires an oxidative environment and hence disulfide
bonds are mostly found in extracellular proteins and not in intracellular proteins that has a
reductive environment [Branden and Tooze, 1999]. Hence, even though almost all proteins
have cysteines in them, not all have disulfide bonds.
One of the most important properties of disulfide bonds is the structural stability it
provides to proteins [Wang et al., 2004; Bulaj, 2005; Bastolla and Demetrius, 2005]. This is
shown in Figure 3.2, where cysteines present far away in the protein sequence but proximal
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Figure 3.1: Formation of a Disulfide Bond
Figure 3.2: Disulfide Bonds in a Protein (shown as dotted lines)
to each other in the three-dimensional structure of the protein form disulfide bonds. Here, a
cysteine located in position 3 of the sequence, bonds with a cysteine located in position 40
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(CYS3-CYS40 in figure) and similarly a cysteine in position 4 bonds with another cysteine
in position 32 (CYS4-CYS32 in figure) and cysteines in positions 16 and 26 (CYS16-CYS26
in figure) form a disulfide bond. Disulfide bonds are also formed between cysteines of two
different polypeptide chains of the same protein. For example, insulin contains two disulfide
bonds connecting its A and B chains, where a cysteine in position 7 of chain A bonds with
a cysteine in position 7 of chain B (A7-B7). Similarly a cysteine in position 20 of chain A
forms a disulfide bond with a cysteine in position 19 of chain B (A20-B19) [Chang et al.,
2003]. The extent to which disulfide bonds play a crucial role in structural stability can be
observed from the fact that, in the insulin example discussed above, removal of a disulfide
bond (A20-B19) causes a loss of ordered secondary structure in the protein [Chang et al.,
2003]. Hence, due to its important property of providing structural stability to proteins,
disulfide bonds are used in various ways to study different properties of proteins. In this
work, we specifically focus on how disulfide bonding information is used to study protein
structures.
3.3 Related Work
This section first discusses the different ways disulfide bonding information is used to study
different protein properties. Then it discusses in detail how disulfide bonds are used in protein
structure related studies.
3.3.1 Using Disulfide Bonds to Study Protein Properties
Disulfide bonds are used to study various properties of proteins such as the energetics [Abke-
vich and Shakhnovich, 2000], function [Abkevich and Shakhnovich, 2000; Hogg, 2003], evo-
lution [Bastolla and Demetrius, 2005] and folding [Thangudu et al., 2005]. Disulfide bonds
are also engineered in order to increase stability in proteins [Clarke and Fersht, 1993; Hinck
et al., 1996; Siadat et al., 2006]. One of the other important areas to use disulfide bonding
information is protein tertiary structure prediction. Predicting the disulfide bond forma-
tion in a protein is shown to dramatically reduce the protein’s conformational search space,
which is an important factor in predicting the protein’s three-dimensional structure [Martelli
et al., 2003]. Predicting disulfide bonds in a protein sequence is a two-step process. The first
step is to identify the oxidizing state of the cysteines and the second step is to predict the
disulfide bonds along the sequence [Vullo and Frasconi, 2003]. The first step of identifying
the oxidizing state of cysteines is a binary problem of finding whether the cysteine under
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consideration will form disulfide bonds or not. Various methods have been used in solving
this problem, such as using neural networks [Muskal et al., 1990; Fariselli et al., 1999; Fiser
and Simon, 2000], hidden markov models [Fariselli and Casadio, 2001], logistic functions
[Mucchielli-Giorgi et al., 2002] and kernel machines [Ceroni et al., 2003]. The second step in
disulfide bond prediction is to predict the disulfide connectivity along the protein sequence.
This problem involves identifying the pairs of cysteines along the sequence that would form
disulfide bonds. Different approaches such as using residue contact potentials [Fariselli and
Casadio, 2001], recursive connectionist approach [Vullo and Frasconi, 2003] and neural net-
works [Fariselli et al., 2002] are used to predict disulfide connectivity in proteins. Apart from
being used to study different protein properties as explained above, disulfide bonds are also
used to study structures of proteins.
3.3.2 Disulfide Bonds in Protein Structure Studies
Early studies using disulfide bonds in protein structure related studies focussed on reducing
the conformational search space of proteins. This was done by classifying the protein chains
by taking into account the protein’s long range interaction. Meirovitch and Scheraga [1981]
focussed on reducing the conformational search space of proteins by classifying the polypep-
tide chain into different classes. This classification was done based on spatial geometric
arrangements of the loops that were defined by disulfide bonds. Hence, these classes were
defined not based on the three-dimensional structure of the protein but based on its disul-
fide patterns. By searching these classes using energy minimization, Meirovith and Scheraga
were able to predict the class likely to contain the native conformation of the protein. This
scheme was later extended by Kikuchi et al. [1985] who developed a method to define all
theoretically possible spatial geometric arrangements of the loops based on disulfide bonds,
regardless of whether a protein’s three-dimensional structure is known or not.
Recent studies using disulfide bonds to study protein structures focuses on investigating
the properties of disulfide bonding patterns and in identifying relationships between proteins
based on these patterns. One of the first detailed analysis of disulfide bonding patterns
was conducted by Benham and Jafri, who used partially directed graphs to describe these
patterns [Benham and Jafri, 1993]. An interesting result suggested by their study was that
disulfide bond pattern formation was not the result of random factors but was a directed
process. This was in contrast with the Kauzmann’s model [Kauzmann, 1959], which suggests
that disulfide bonds are formed during random encounters and hence are more likely to be
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formed with near neighbour cysteines that with remote ones.
The approach of identifying structural relationships between proteins using disulfide bond
topologies was introduced by Mas et al. [1998]. They introduced a program called KNOT-
MATCH, which superimposed protein structures based on their disulfide bond topologies.
They showed that by superimposing protein structures, their method also aligned the regular
secondary structures and loops of the proteins. They also showed that using this approach,
useful information on protein relationships could be achieved that are hidden to sequence
alignment methods . In a later study, Mas et al. [2001] classified protein structures based
on their disulfide topology. They suggested thirteen main protein classes by structurally
superimposing proteins and clustering them and showed that proteins belonging to the same
cluster had structural relationships.
Later, Chuang et al. [2003] introduced a new way to find structural relationship between
proteins using disulfide bonds. Unlike Mas et al. [1998; 2001] who used protein structures
based on disulfide bond topologies to find structural similarities, Chuang et al. based their
idea on finding structure similarities between proteins only from sequence information. They
showed that instead of using complete protein sequences, it is possible to use only disulfide
bonding patterns to discriminate protein folds.
Van Vlijmen et al. [2004] provided the first publicly available database of disulfide bonding
patterns. They devised a new method to search this database by defining a disulfide signature
that encoded both the spacings between cysteines and its connectivity. Later, the same team
defined a new classification scheme based on disulfide patterns, with which they showed that
proteins with similar disulfide patterns have similar structure and function in spite of having
low sequence similarity [Gupta et al., 2004]. Another publicly available web tool CysView
was developed by Lenffer et al. [2004]. This tool was designed to find and classify proteins
according to their disulfide connectivity patterns. Recently, Cheek et al. [2006], presented
a classification of around 3000 small, disulfide-rich protein domains. They divided these
domains into 41 fold groups and 98 families on the basis of structure similarity. They showed
that members of the same family show previously unknown similarities.
Thus, as explained above, all work done on studying protein structures using disulfide
bonds focus on classifying disulfide bonding patterns and on identifying relationships be-
tween proteins using these patterns. No work has yet been done on analysing the structural
differences of amino acid fragments occurring in proteins with and without disulfide bonds.
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3.4 Experimental Methodology
In this section, we detail the experimental methodology used to investigate whether or not
short amino acid acids have significant different structures when occurring in proteins with
and without disulfide bonds.
3.4.1 Why Dihedral Angles?
To investigate the possible structure differences of identical fragments in proteins with and
without disulfide bonds, the Φ and Ψ dihedral angles of amino acids of fragments were
considered as representatives of the structure of the fragment. Dihedral angles were chosen
over secondary structures for the initial analysis due to two reasons. First, the backbone of a
protein structure is determined almost entirely by the dihedral angles and hence these angles
play a very important role in determining the conformation of the protein. Second, an amino
acid can take a vast range of dihedral angle values even when having the same secondary
structure. This is shown in Figure 3.3, the Ramachandran plot for GLN. This figure shows
the vast distribution of the dihedral angles Φ and Ψ taken by GLN within the same α-helices
(named Alpha in figure) and β-strands (named Beta in figure) secondary structure regions.
So, considering secondary structures instead of dihedral angles may not differentiate fragment
structures that have significantly different dihedral angles distributions but have the same
secondary structure. As a result, dihedral angles were used to start our investigation into the
structural differences of short fragments. Figure 3.3 was obtained from the accompanying
online software of [Kleywegt and Jones, 1996].
3.4.2 Why Length 3?
To investigate the possible structure differences of short amino acid fragments when occur-
ring in proteins with and without disulfide bonds, length 3 was chosen as the size of short
fragments. A size of length 3 was chosen over other lengths due to the following reasons.
First, as explained in Chapter 1, the ab initio methods detailed there use short fragments of
lengths 5 or less and hence we decided to define the short fragment’s length in this range.
Second, in this work, the structure of a short fragment is defined as the Φ and Ψ angles of
the middle amino acid of the fragment and hence even numbered fragment lengths such as
2 and 4 were not suitable for the analysis. Finally, for fragment lengths 5 and above, not
all combinations of amino acids of that length occur in proteins. For example, considering
fragment size of length 5, the 20 different amino acids can theoretically form 3.2 million
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Figure 3.3: Ramachandran plot for GLN showing the vast range of Φ and Ψ dihedral angles
in each secondary structure region
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different fragments (205 different combinations). But in all known proteins structures, amino
acids have taken only 560,000 of the 3.2 million different ways to combine themselves to form
fragments of size 5. Since we use statistical analysis to investigate the possible structural
difference of short fragments, an incomplete dataset such as the fragment populations of
lengths 5 or any lengths above were not chosen. On the other hand, considering the size of
length 3, all the 8000 (203) different combinations the amino acids can form, are present in
protein structures. As a result, for our analysis, the length of short amino acid fragments
was chosen as 3.
3.4.3 Materials
For this investigation, the structures of short amino acid fragments were obtained from a set
of non-redundant protein structures. This data set contains 5,227 protein structures with
better than 2A˚ and less than 90% sequence similarity. The non-redundant list1 was obtained
from the protein sequence culling server Pisces [Wang and Dunbrack, 2003] and the protein
structures were obtained from the PDB [Berman et al., 2000].
3.4.4 Experiment
As explained above, the length of short fragments was defined as 3 for this analysis and the
structure of a short fragment is defined as the Φ and Ψ angles of the middle amino acid. For
example, consider the fragment ALA-CYS-HIS. This representation means CYS is preceded
by ALA and succeeded by HIS in the protein sequence. This fragment’s structure is then
defined as the Φ and Ψ angles of the middle amino acid CYS. The reason why Φ and Ψ
angles of only CYS are considered is, when considering a fragment of length 3, the Φ angle
of the amino acid in the first position and the Ψ angle for the amino acid in the last position
is unknown.
This is explained using Figure 3.4, which shows the dihedral angles Φ and Ψ along the
backbone of the short fragment ALA-CYS-HIS. In this figure, N, CA and C denotes the
Nitrogen, Alpha Carbon and the Carbon atoms of an amino acid respectively and XXX
denotes that any amino acid can take up that position. The three square boxes in the figure
highlights atoms of the same amino acid. As explained in Section 2.1.4 of Chapter 2, two
consecutive CA atoms lie in the same plane and a dihedral angle is formed by two such
planes, determined by 4 consecutive atoms.
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the structure of a short fragment is defined as the Φ and Ψ angles of the middle amino acid
of the fragment and hence even numbered fragment lengths such as 4 was not suitable for the
analysis. Finally, for fragment lengths 5 and above, not all combinations of amino acids of
that length occurred in proteins. For example, considering length 5, the 20 different amino
acids can theoretically form fragments of length 5 in 3.2 million different ways (205 different
combinations). But in all the proteins whose structures are known, amino acids have taken
only 560,000 of the 3.2 million different ways to combine themselves. Since we use statistical
analysis to investigate the possible structural difference of short fragments, an incomplete
dataset such as the fragment populations of lengths 5 or above were not chosen. On the
other hand, considering the size of length 3, all 8000 (203) different combinations the amino
acids can form fragments are present in protein structures. As a result, for our analysis, the
length of short amino acid fragments was chosen as 3.
1.5.3 Materials
For this investigation, the structures of short amino acid fragments were obtained from a set
of non-redundant protein structures. This data set contains 5,227 protein structures with
better than 2A˚ and less than 90% sequence similarity. The non-redundant list1 was obtained
from the protein sequence culling server Pisces [Wang and Dunbrack, 2003] and the protein
structures were obtained from the PDB [Berman et al., 2000].
1.5.4 Experimental Methodology
The aim of this analysis is to find if short amino acid fragments have different structures
when occurring in proteins with disulfide bonds and in proteins without disulfide bonds. To
investigate this, we analyse the structures of short amino acid fragments that were obtained
separately from proteins that have at least one disulfide bond and from proteins that do not
have any disulfide bonds. Due to the reasons explained in section 1.5.2, the length of short
fragments was defined as 3 for this analysis. The structure of a short fragment is defined
as the Φ and Ψ angles of the middle amino acid. For example, consider the fragment ALA-
CYS-HIS. This representation means CYS is preceded by ALA in the protein sequence and
is succeeded by HIS. This fragment’s structure is defined as the Φ and Ψ angles of CYS. The
reason Φ and Ψ angles of only CYS are considered is, when considering a fragment of size 3,
only the Φ angle and not the Ψ angle is known for the amino acid in the first position and
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Figure 3.4: Φ and Ψ dihedral Angles along the backbone for the fragment ALA-CYS-HIS
Hence in Figure 3.4,
• N (ALA) and CA (ALA) lie in a plane
• CA (ALA), C (ALA), N (CYS) and CA (CYS) lie in a plane
• CA (CYS), C (CYS), N (HIS) and CA (HIS) lie in a plane
• CA (HIS) and C (HIS) lie in a plane
On the basis of these planes, the 4 consecutive atoms determining the Φ and Ψ angles of the
triplet ALA-CYS-HIS are shown below:
• Ψ of ALA present in the first position is determined by the plane formed by N (ALA),
CA (ALA) and by the plane formed by CA (ALA), C (ALA), N (CYS).
• Φ of CYS present in the middle position is determined by the plane formed by C (ALA),
N (CYS), CA (CYS) and by the plane formed by CA (CYS), C (CYS).
• Ψ of CYS present in the middle position is determined by the plane formed by N (CYS),
CA (CYS) and by the plane formed by CA (CYS), C(CYS), N (HIS).
• Φ of HIS present in the last position is determined by the plane formed by C (CYS),
N (HIS), CA (HIS) and by the plane formed by CA (HIS), C (HIS).
On the other hand, to determine the Φ of ALA, the plane determined by C and CA of
the preceding amino acid XXX will have to be known and similarly to determine the Ψ of
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HIS, the plane determined by N and CA of the succeeding amino acid XXX will have to be
known. Since XXX can by taken by any amino acid and since we restrict the length of the
fragment to 3, this information is unattainable. As a result, only part of the structure detail
is known for the amino acids in the first and the last positions. Thus, the structure of the
fragment is defined as the Φ and Ψ angles of the middle amino acid.
The aim of this experiment is to find if short amino acid fragments have different struc-
tures in terms of dihedral angles when occurring in proteins with disulfide bonds and when
occurring in proteins without disulfide bonds. To investigate this, we analyse the backbone
dihedral angles of short amino acid fragments that were obtained separately from proteins
that have at least one disulfide bond and from proteins that do not have any disulfide bonds.
The disulfide bond information of a protein structure was obtained from its PDB file. If a
protein structure has disulfide bonds in it, this information is represented in the PDB file
using a special header SSBONDS along with the details of the Cysteine’s sequence position
and Chain information. An example is shown in Figure 3.5, which shows part of the PDB
file 1BA7, where the disulfide bonding information is highlighted using a box. Line 1 in this
box, means that CYS in sequence position 39 of Chain A forms a disulfide bond with CYS in
sequence position 86 of Chain A. Similarly lines 2, 3, and 4 provide information about other
disulfide bonds in the protein 1BA7. Hence if a protein structure has the header SSBONDS
in the PDB file, it was considered as a protein having disulfide bonds and if a protein struc-
ture’s PDB file does not have the header SSBONDS in it, then the protein was considered
not to have disulfide bonds.
There are different phases in this experiment and they are explained using algorithms.
The first phase is detailed in Algorithm 3.1. In this phase, the data set of 5,227 protein
structures explained in Section 3.4.3 were divided into two sets. The first set contains all
protein structures that have at least one disulfide bond. Let this set be called the Disulfide
Set. The second set contains all protein structures without any disulfide bonds. Let this set
be called the NonDisulfide Set.
Phase two of this experiment involves creating the Φ and Ψ dihedral angle distributions
of protein fragments and is detailed in Algorithm 3.2. Since the length of the fragment is
defined as 3, there are 8000 (203) different possible combinations of amino acid fragments.
For each of these 8000 protein fragments, its Φ and Ψ distributions are created using the
Disulfide set and the NonDisulfide set separately. Using the fragment ALA-CYS-HIS as an
example, we explain the process of creating the Φ and Ψ distributions in the Disulfide set.
The same process is then used to create the Φ and Ψ distributions of all 8000 fragments in
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Figure 3.5: Part of the PDB file 1BA7 showing disulfide bond details
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for Each of 5,227 protein structure do1
if PDB file has header SSBONDS then2
Add protein structure to Disulfide set ;3
else4
Add protein structure to NonDisulfide set ;5
end6
end7
Algorithm 3.1: Classifying protein structures into two sets
both the Disulfide set and the NonDisulfide set separately.
In the Disulfide set, the first protein sequence is searched for the fragment ALA-CYS-
HIS. The search is done using a window size 3 and in an overlapping manner. This means
that, first, the amino acids in positions 1-3 are searched. Then amino acids in positions
2-4 are searched and then positions 3-5 are searched and so on. If the fragment ALA-
CYS-HIS is found, then the Φ and Ψ angles of the middle amino acid CYS are stored and
the angle distribution created as follows. For the fragment, ALA-CYS-HIS, two storage
tables are created, Disulfide Phi Table and Disulfide Psi Table. These tables are used the
store the Φ and Ψ angles of CYS respectively. Each of these tables are divided into 10◦
bins2 and hence has 36 such bins in total for the range −180◦ to +180◦([−180◦,−170◦),
[−170◦,−160◦) ... [+171◦,+180◦)). If for example, an occurrence of the fragment ALA-CYS-
HIS is found in a protein structure and has the Φ and Ψ angles of CYS as −27◦ and +95◦
respectively, then the value -27 will be stored in the bin representing the range −30◦ to −21◦
of the Disulfide Phi Table and the value +95 will be stored in the bin representing the range
+91◦ to +100◦ of the Disulfide Psi Table. Likewise, all occurrences of ALA-CYS-HIS in the
remaining protein sequences in the Disulfide set are searched and the Φ and Ψ angles of
CYS obtained and stored in a similar manner, thus populating the Disulfide Phi Table and
the Disulfide Psi Table. Similarly, for each of the 8000 fragments, a Disulfide Phi Table and
a Disulfide Psi Table are created. The same procedure is followed in creating the dihedral
angle tables NonDisulfide Phi Table and NonDisulfide Psi Table using the NonDisulfide set
for the 8000 fragments. This is diagrammatically shown in Figure 3.6
Hence, each of the 8000 fragments has,
2Changing the bin size to 20◦ does not change the statistical significance of the results presented in
Section 3.5
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for i← Fragment(1) to Fragment(8000) do1
for Each PDB file of Disulfide set do2
Parse overlapping fragments of the sequence;3
if Fragment(i) is found then4
Collect Φ and Ψ of middle amino acid;5
Store Φ value in respective 10◦ bin in Disulfide Phi Table of6
Fragment(i);
Store Ψ value in respective 10◦ bin in Disulfide Psi Table of7
Fragment(i);
end8
end9
for Each PDB file of NonDisulfide set do10
Parse overlapping fragments of the sequence;11
if Fragment is found then12
Collect Φ and Ψ of middle amino acid;13
Store Φ value in respective 10◦ bin in NonDisulfide Phi Table of14
Fragment(i);
Store Ψ value in respective 10◦ bin in NonDisulfide Psi Table of15
Fragment(i);
end16
end17
end18
Algorithm 3.2: Creating Φ and Ψ angle distributions for each of 8000 fragments
• A Disulfide Phi Table that has the Φ distribution obtained from protein structures in
the Disulfide set.
• A Disulfide Psi Table that has the Ψ distribution obtained from protein structures in
the Disulfide set.
• A NonDisulfide Phi Table that has the Φ distribution obtained from protein structures
in the NonDisulfide set.
• A NonDisulfide Psi Table that has the Ψ distribution obtained from protein structures
in the NonDisulfide set.
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Figure 3.6: Tables storing Φ and Ψ dihedral angle distributions of 8000 short fragments
Hence, now we have 2 sets (Φ and Ψ) of 8000 dihedral angle distributions obtained
from Disulfide set and 2 sets (Φ and Ψ) of 8000 dihedral angle distributions obtained from
the NonDisulfide set, a total of 32,000 dihedral angle distributions. Phase three of this
experiment is to select a meaningful representative from each of these 32,000 distributions
in order to compare them. To select a representative of a dihedral angle distribution, as
detailed in Algorithm 3.3, the most populated bin of the distribution, or in other terms, the
bin with the mathematical mode of the distribution was selected and its lower class limit3
was considered as the representative of the distribution.
For example, if in the Φ distribution of a fragment, the bin with the class limits +91◦
to +100◦ was the most populated bin, then the value +91 was chosen as the representative
3We could equally consider the upper class limit. This consideration would just increase the representative
value by 10◦ for all the 32,000 dihedral angle distributions, thus not affecting the comparison and further
analysis
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for i← Fragment(1) to Fragment(8000) do1
for j ← bin(1) to bin(36) of Disulfide Phi Table do2
Find most populated bin (bin of the mathematical mode of the distribution);3
end4
Phi Disulfide Fragment(i) Rep = lower class limit (Φ value) of the most5
populated bin;
for j ← bin(1) to bin(36) of Disulfide Psi Table do6
Find most populated bin (bin of the mathematical mode of the distribution);7
end8
Psi Disulfide Fragment(i) Rep = lower class limit (Ψ value) of the most9
populated bin;
for j ← bin(1) to bin(36) of NonDisulfide Phi Table do10
Find most populated bin (bin of the mathematical mode of the distribution);11
end12
Phi NonDisulfide Fragment(i) Rep = lower class limit (Φ value) of the most13
populated bin;
for j ← bin(1) to bin(36) of NonDisulfide Psi Table do14
Find most populated bin (bin of the mathematical mode of the distribution);15
end16
Psi NonDisulfide Fragment(i) Rep = lower class limit (Ψ value) of the most17
populated bin;
end18
Algorithm 3.3: Selecting representative value from Φ and Ψ distributions
Φ value of that distribution. The dihedral angle of the most populated bin (bin with the
mathematical mode) was considered as the representative of the distribution because the
most populated bin can be assumed to have the most preferred range of dihedral angles
taken on by that fragment. Hence, as detailed in Algorithm 3.3, for a fragment,
• Let Phi Disulfide Fragment Rep be the representative value of the Φ distribution of the
Disulfide set.
• Let Psi Disulfide Fragment Rep be the representative value of the Ψ distribution of the
Disulfide set.
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• Let Phi NonDisulfide Fragment Rep be the representative value of the Φ distribution
of the NonDisulfide set.
• Let Psi NonDisulfide Fragment Rep be the representative value of the Ψ distribution
of the NonDisulfide set.
Thus, for every fragment, we have a Φ and Ψ representative value obtained from the Disulfide
set and a Φ and Ψ representative value obtained from the NonDisulfide set. In order to
compare the structures of fragments when occurring in proteins with disulfide bonds and in
proteins without disulfide bonds, the following needs to be compared.
• 8000 Phi Disulfide Fragment Rep values with its corresponding 8000
Phi NonDisulfide Fragment Rep values.
• 8000 Psi Disulfide Fragment Rep values with its corresponding 8000
Psi NonDisulfide Fragment Rep values.
TheWilcoxon signed rank test for matched pairs was used to do this comparison. Wilcoxon
signed rank test is a non-parametric test to compare the difference between two population
distributions. This test uses the idea that, if two distributions were identical, then on aver-
age, the differences between the pairs of the two distributions should equally be positive and
negative. The procedure for calculating the test statistic for the Wilcoxon test is as follows.
First, the differences for each pair values between the two populations is calculated. For our
experiment, this is shown in Algorithm 3.4, where the difference between the Φ value of a
fragment in the Disulfide set (Phi Disulfide Fragment(i) Rep) and the Φ value of the frag-
ment in the NonDisulfide set (Phi NonDisulfide Fragment(i) Rep) is stored in Phi Diff(i).
Similarly the Ψ difference values of fragments are stored in Psi Diff(i). Once the differences
for pair values between the two populations are calculated, then the absolute values of the
differences of pair values between the two compared populations are ranked. Finally the rank
sum for the positive differences (T+) and the rank sum for the negative differences (T−) are
calculated.
Explained below are the procedures underlying the Wilcoxon signed-rank test.
1. Null Hypothesis : H0 : Frequency distributions of two compared populations are iden-
tical.
2. Alternative Hypothesis : Ha : For a two-tailed test, the frequency distributions of two
compared populations are different. For a one-tailed test, the frequency distribution
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for i← Fragment(1) to Fragment(8000) do1
Phi Diff(i) = (180 + Phi Disulfide Fragment(i) Rep)− (180 +2
Phi NonDisulfide Fragment(i) Rep);
Psi Diff(i) = (180 + Psi Disulfide Fragment(i) Rep)− (180 +3
Psi NonDisulfide Fragment(i) Rep);
if (Phi Diff(i) > 180) then4
Phi Diff(i) = 360− Phi Diff(i)5
end6
if (Psi Diff(i) > 180) then7
Psi Diff(i) = 360− Psi Diff(i)8
end9
end10
Wilcoxon signed rank test on Phi Diff ;11
Wilcoxon signed rank test on Psi Diff ;12
Algorithm 3.4: Comparing dihedral angle distributions of fragments
of population 1 is shifted to the right of the frequency distribution of population 2
or the frequency distribution of population 2 is shifted to the right of the frequency
distribution of population 1.
3. Test Statistic : The smaller of the positive rank sum and the negative rank sum (T ) is
used for a two-tailed test. For a one-tailed test, the negative rank sum (T−) is used.
4. Rejecting Null Hypothesis: For a two-tailed test, reject H0 if T < T0, where T0 is the
critical value. For a one-tailed test, reject H0 if T− < T0 or if T+ < T0.
For sample size n > 25, T+ is approximately normally distributed when the null hypoth-
esis is true and hence a large-sample z test can be used. In our experiment, since n = 8000,
a large-sample Wilcoxon signed rank test is used, which is detailed below.
1. Null Hypothesis : H0 : Frequency distributions of two compared populations are iden-
tical.
2. Alternative Hypothesis : Ha : For a two-tailed test, the frequency distributions of two
compared populations are different. For a one-tailed test, the frequency distribution of
population 1 is shifted to the right to the frequency distribution of population 2.
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3. Test Statistic:
z =
T+ − n(n+1)4√
n(n+1)(2n+1)
24
(3.1)
4. Rejecting Null Hypothesis: For a two-tailed test, reject H0 if z > zα/2 or z < −zα/2.
For a one-tailed test, reject H0 if z > zα or z < −zα.
In our experiment, since the dihedral angle distributions have both positive and negative
values (−180◦ to +180◦), a two-tailed test is used. The tests are performed at the 5%
significance level and thus, for a two-tailed test and α = 0.05, the null hypothesis of “identical
population distributions” is rejected when |z| >= 1.96 or equivalently, when its P-value is
less than 0.05.
3.5 Results and Discussion
To investigate if structures of short fragments are different when occurring in proteins with
and without disulfide bonds, two Wilcoxon signed rank tests for matched pairs are performed:
Test for Φ:
1. Null Hypothesis : H0 : Frequency distributions of Phi Disulfide Fragment(i) Rep and
Phi NonDisulfide Fragment(i) Rep are identical.
2. Alternative Hypothesis : Ha : The frequency distributions of
Phi Disulfide Fragment(i) Rep and Phi NonDisulfide Fragment(i) Rep are different.
3. Test Statistic: Same as equation 3.1.
4. Rejecting Null Hypothesis: Reject H0 if |z| >= 1.96 or P < 0.05
Test for Ψ:
1. Null Hypothesis : H0 : Frequency distributions of Psi Disulfide Fragment(i) Rep and
Psi NonDisulfide Fragment(i) Rep are identical.
2. Alternative Hypothesis : Ha : The frequency distributions of
Psi Disulfide Fragment(i) Rep and Psi NonDisulfide Fragment(i) Rep are different.
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3. Test Statistic: Same as equation 3.1.
4. Rejecting Null Hypothesis: Reject H0 if |z| >= 1.96 or P < 0.05
The results of these tests are presented in Table 3.1. The first line of Table 3.1 shows
a P-value of < 0.001 for the Wilcoxon test in comparing the frequency distributions of
Phi Disulfide Fragment(i) Rep and Phi NonDisulfide Fragment(i) Rep (Test for Φ). Since
the P-values is < 0.05, the Null Hypothesis H0 of
“Frequency distributions of Phi Disulfide Fragment(i) Rep and Phi NonDisulfide Fragment(i) Rep
are identical” can be rejected and the Alternative Hypothesis Ha of
“The frequency distributions of
Phi Disulfide Fragment(i) Rep and Phi NonDisulfide Fragment(i) Rep are different” accepted.
This means that frequency distributions of Φ values of fragments obtained from the Disulfide
set are significantly different from the ones obtained from the NonDisulfide set at the 5%
significance level. This in turn shows that the structures of fragments in terms of their Φ
angles are significantly different when the fragments occur in proteins with disulfide bonds
and in those proteins without disulfide bonds.
Test P-value
Test for Φ < 0.001
Test for Ψ < 0.001
Table 3.1: Results of Wilcoxon signed-rank test for matched pairs
Similarly, since the P-value of the Wilcoxon test in comparing the frequency distribu-
tions of Psi Disulfide Fragment(i) Rep and Psi NonDisulfide Fragment(i) Rep (Test for Ψ)
is < 0.001, the Null Hypothesis H0 of
“The frequency distributions of
Psi Disulfide Fragment(i) Rep and Psi NonDisulfide Fragment(i) Rep are identical” can be
rejected and the Alternative Hypothesis Ha of
“The frequency distributions of
Psi Disulfide Fragment(i) Rep and Psi NonDisulfide Fragment(i) Rep are different” accepted.
This shows that the frequency distributions of Ψ values of amino acid fragments of Disulfide
set and NonDisulfide set are significantly different at the 5% significance level. This means
CHAPTER 3. STRUCTURE DIFFERENCES IN SHORT FRAGMENTS 47
that the structures of fragments in terms of their Ψ angles are significantly different when
the fragments occur in proteins with disulfide bonds and in those proteins without disulfide
bonds.
Thus, the results of Table 3.1 answers the research question posed in this chapter and
shows that short fragments of amino acids have significantly different distributions of struc-
tures in terms of their Φ and Ψ dihedral angles, when occurring in proteins that have disulfide
bonds and when occurring in those proteins without disulfide bonds.
In this analysis, Φ and Ψ are analysed as separate entities and not as a single entity like
a point in the Ramachandran plot. Doing so does not affect the results of the analysis in
any way as in the experiments, comparisons are made between Φ distributions and between
Ψ distributions separately. No comparisons are made between Φ and Ψ distributions of
the fragments. Indeed we find that considering Φ and Ψ as separate entities reveals more
information in analysing the structure differences of fragments than when considering the
values as a single entity. This is explained in detail in Chapter 4.
Using an example, we show the structural difference of a short fragment in proteins
with and without disulfide bonds. In analysing this example, we also show how, important
structural information can be hidden and go unnoticed when both sets of proteins with and
without disulfide bonds are mixed together as in the data sets used by ab initio methods.
Figure 3.7(a) shows the distribution of the dihedral angle Φ of the amino acid fragment CYS-
CYS-HIS in the Disulfide set. This figure shows that when CYS-CYS-HIS occurs in proteins
with disulfide bonds, its Φ angle prefers negative values and no occurrences of positive values
are observed. Figure 3.7(b) shows the Φ distribution of CYS-CYS-HIS in the Disulfide set
aligned with the Ramachandran plot of all amino acids except GLY. From the alignment of
the Φ distribution with the Ramachandran plot, it can be seen that, when CYS-CYS-HIS
occurs in proteins with disulfide bonds (Disulfide set), its secondary structure preferences
are primarily α helices and β sheets, shown as Alpha and Beta in the figure.
Figure 3.8(a) shows the distribution of the dihedral angle Φ of the amino acid frag-
ment CYS-CYS-HIS in the NonDisulfide set and Figure 3.8(b) shows this Φ distribution
aligned with Ramachandran plot. From this figure, it is clear that when the amino acid
fragment CYS-CYS-HIS occurs in the NonDisulfide set or in proteins without any disulfide
bonds, its Φ angle prefers positive values to negative values. The Φ distribution alignment
with Ramachandran plot (Figure 3.8(b)) also shows that when CYS-CYS-HIS occurs in the
NonDisulfide set, it prefers the rare occurring left-handed α helices as its secondary structure
than α helices and β sheets. This is opposed to the secondary structure preferences of the
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Figure 1.4: Dihedral Angles along the backbone for the fragment ALA-CYS-HIS
CA and C denotes the Nitrogen, Alpha Carbon and the Carbon atoms of an amino acid and
XXX denotes any amino acid. In the triplet ALA-CYS-HIS shown in this figure, the Φ and
Ψ angles of CYS are determined by four atoms. The Φ of CYS is determined by the CA
atom of ALA, C atom of ALA, N atom of CYS and the CA atom of CYS. Similarly the Ψ
angle of CYS is determined by the CA atom of CYS, C atom of CYS, N atom of HIS and the
CA atom of HIS. On the other hand, for the amino acid ALA which is in the first position,
[TO BE DONE CORRECTLY!] blah blah blah...
Ala’s Psi is defined by N, CA, C of ALA and N of CYS.
Cys’s Phi is defined by N, CA, C of CYS and N of HIS.
Cys’s Psi is defined by C of ALA and N, CA and C of CYS.
To investigate this, we analyse the structures of short amino acid fragments that were
obtained separately from proteins that have at least one disulfide bond and from proteins
that do not have any disulfide bonds.
1.5.5 Wilcoxon’s Signed Rank Test
1.6 Results and Discussion
1.7 A Simple Protein Structure Prediction Example
1.8 Conclusion
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Figure 3.7: (a) Φ distribution of CYS-CYS-HIS in Disulfide set; (b) Φ distribution of CYS-
CYS-HIS in Disulfide set aligned with Ramachandran plot of all amino acids except GLY
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Figure 1.4: Dihedral Angles along the backbone for the fragment ALA-CYS-HIS
CA and C denotes the Nitrogen, Alpha Carbon and the Carbon atoms of an amino acid and
XXX denotes any amino acid. In the triplet ALA-CYS HIS shown in this figure, the Φ and
Ψ angles of CYS are determined by four atoms. The Φ of CYS is determined by the CA
atom of ALA, C atom of ALA, N atom of CYS and the CA atom of CYS. Similarly the Ψ
angle of CYS is determined by the CA atom of CYS, C atom of CYS, N atom of HIS and the
CA atom of HIS. On the other hand, for the amino acid ALA which is in the first position,
[TO BE DONE CORRECTLY!] blah blah blah...
Ala’s Psi is defined by N, CA, C of ALA and N of CYS.
Cys’s Phi is defined by N, CA, C of CYS and N of HIS.
Cys’s Psi is defined by C of ALA and N, CA and C of CYS.
To investigate this, we analyse the structures of short amino acid fragments that were
obtained separately from proteins that have at least one disulfide bond and from proteins
that do not have any disulfide bonds.
1.5.5 Wilcoxon’s Signed Rank Test
1.6 Results and Discussion
1.7 A Simple Protein Structure Prediction Example
1.8 Conclusion
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Figure 3.8: (a) Φ distribution of CYS-CYS-HIS in NonDisulfide set; (b) Φ distribution of
CYS-CYS-HIS in NonDisulfide set aligned with Ramachandran plot of all amino acids except
GLY
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Figure 1.4: Dihedral Angles along the backbone for the fragment ALA-CYS-HIS
CA and C denotes the Nitrogen, Alpha Carbon and the Carbon atoms of an amino acid and
XXX denotes any amino acid. In the triplet ALA-CYS-HIS shown in this figure, the Φ and
Ψ angles of CYS are determined by four atoms. The Φ of CYS is determined by the CA
atom of ALA, C atom of ALA, N atom of CYS and the CA atom of CYS. Similarly the Ψ
angle of CYS is determined by the CA atom of CYS, C atom of CYS, N atom of HIS and the
CA atom of HIS. On the other hand, for the amino acid ALA which is in the first position,
[TO BE DONE CORRECTLY!] blah blah blah...
Ala’s Psi is defined by N, CA, C of ALA and N of CYS.
Cys’s Phi is defined by N, CA, C of CYS and N of HIS.
Cys’s Psi is defined by C of ALA and N, CA and C of CYS.
To investigate this, we analyse the structures of short amino acid fragments that were
obtained separately from proteins that have at least one disulfide bond and from proteins
that do not have any disulfide bonds.
1.5.5 Wilcoxon’s Signed Rank Test
1.6 Results and Discussion
1.7 A Simple Protein Structure Prediction Example
1.8 Conclusion
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Figure 3.9: (a) Φ distribution of CYS-CYS-HIS in a combined Disulfide and NonDisulfide
set; (b) Φ distribution of CYS-CYS-HIS in the combined Disulfide and NonDisulfide set
aligned with Ramachandran plot of all amino acids except GLY
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(a)
(b)
(c)
Figure 3.10: (a) Ψ distribution of CYS-LYS-ALA in a combined Disulfide and NonDisulfide
set; (b) Ψ distribution of CYS-LYS-ALA in the Disulfide set; (c) Ψ distribution of CYS-
LYS-ALA in the NonDisulfide set
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same fragment CYS-CYS-HIS when occurring in Disulfide set where it preferred α helices
and β sheets and did not have any occurrences of left-handed α helices. This structural
difference and different secondary structure preferences of CYS-CYS-HIS clearly cannot be
observed in the Φ distribution of CYS-CYS-HIS in the combined data set of Disulfide set and
NonDisulfide set as shown in Figure 3.9. A similar example is shown in Figure 3.10 which
shows the Ψ distribution of the amino acid fragment CYS-LYS-ALA. Figure 3.10(a) shows
the Ψ distribution of CYS-LYS-ALA in the combined Disulfide and NonDisulfide set. Fig-
ure 3.10(b) shows the Ψ distribution of CYS-LYS-ALA in the Disulfide set and Figure 3.10(c)
shows the Ψ distribution of CYS-LYS-ALA in the NonDisulfide set. These figures clearly
shows that the differences in the dihedral angle of the fragment in the Disulfide set and the
NonDisulfide set are hidden when both the data sets are grouped together. These examples
show how the structure preferences of fragments are different when they occur in proteins
with and without disulfide bonds and how important structural information is hidden when
proteins with and without disulfide bonds are combined together.
3.6 A Simple Protein Structure Prediction Example
In this section, we use a simple protein structure prediction method to show how structure
prediction done using data sets that are classified based on proteins with and without disulfide
bonds yield better results than prediction done using a combined data set [Dayalan, 2005].
In total, 200 protein sequences were used in this prediction process. The three-dimensional
structure of these protein sequences are known in advance from their PDB files. For the pre-
diction process we assume that these structures are unknown. After predicting the structure
of these sequences using a simple method, the predicted structure is then compared with
the sequence’s PDB structure. Out of the 200 protein sequences used in this analysis, 100
sequences have at least one disulfide bond in them and let this data set be called Disul-
fide test data. The other 100 protein sequences do not have any disulfide bonds and let
this data set be called NonDisulfide test data. The disulfide bonding information of the se-
quences were obtained from their PDB structures and the Disulfide test data and NonDisul-
fide test data data sets created, which is shown in Algorithm 3.5.
Algorithm 3.6 details the method used to predict the structures of the 200 protein se-
quences. First, we explain the method used to predict the 100 protein sequences of the
Disulfide test data, the set of protein sequences whose structures have at least one disulfide
bond.
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for i← ProteinSequence(1) to ProteinSequence(200) do1
if ProteinSequence(i) has Disulfide Bonds (As explained in Algorithm 3.1) then2
Add ProteinSequence to Disulfide test data;3
else4
Add ProteinSequence to NonDisulfide test data;5
end6
end7
Algorithm 3.5: Classifying query sequences
For every protein sequence of the Disulfide test data the following is done. First, a window
of size 3 is parsed along the sequence in an overlapping manner. That is, first the amino
acids in positions 1, 2 and 3 are considered. Next the amino acids in positions 2, 3 and 4 are
considered and so on. For every one of these overlapping fragments of size 3, the Φ and Ψ
distributions of the amino acid in the middle position are created by collecting all occurrences
of the fragment in all protein structures of the Disulfide set as detailed in Algorithm 3.2.
The Disulfide set is the structure data set with proteins having at least one disulfide bond,
which was detailed in Section 3.4.4.
Once the distributions of Φ and Ψ are obtained from all protein structures of the Disulfide
set, the next step is to select a value as the predicted Φ and Ψ value from these distribution.
The predicted Φ value (ΦPredDs) of the middle amino acid of the fragment is obtained by
taking the lower class limit of the mathematical mode of the Φ distribution in the Disulfide
set. Similarly the predicted Ψ value (ΨPredDs) of the middle amino acid of the fragment is
obtained by taking the lower class limit of the mathematical mode of the Ψ distribution of
the Disulfide set. Thus, as explained above, the Φ (ΦPredDs) and Ψ (ΨPredDs) values are
predicted for all amino acids of all the 100 query sequences of the Disulfide test data from
the Disulfide set.
Next, for these 100 protein sequences of the Disulfide test data, the Φ and Ψ values of
all amino acids are predicted using the NonDisulfide set, which is the structure data set
having proteins without any disulfide bonds as detailed in Section 3.4.4. Let ΦPredNds be
the predicted Φ value of the middle amino acid of a fragment, where the predicted value
is obtained from the Φ distribution of the NonDisulfide set. Similarly let ΨPredNds be the
predicted Ψ value of the middle amino acid of a fragment, where the predicted value is
obtained from the Ψ distribution of the NonDisulfide set. Therefore, now we have predicted
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Φ and Ψ values of all amino acids of 100 protein sequences of the Disulfide test data from
the NonDisulfide set.
Finally, the structures of the 100 proteins of the Disulfide test data are prediction using
the combined Disulfide set and NonDisulfide set. Let ΦPredCom be the predicted Φ value
of the middle amino acid of the fragment, where the predicted Φ value is obtained from
the combined Φ distributions of both the Disulfide set and NonDisulfide set. Similarly let
ΦPredCom be the predicted Ψ value of the middle amino acid of the fragment, where the
predicted Ψ value is obtained form the combined Ψ distributions of both the Disulfide set
and NonDisulfide set.
Thus, for the 100 protein sequences of the Disulfide test data, the data set of protein
sequence whose structure have at least one disulfide bond, the structures are predicted using
1. Disulfide set, set of protein structures that have at least one disulfide bond, where
ΦPredDs and ΨPredDs are the predicted Φ and Ψ values.
2. NonDisulfide set, set of protein structures that do not have any disulfide bonds where
ΦPredNds and ΨPredNds are the predicted Φ and Ψ values.
3. Combined Disulfide set and NonDisulfide set where ΦPredCom and ΨPredCom are the
predicted Φ and Ψ values.
Using the prediction method explained above, the structure of the other 100 protein se-
quences belonging to the NonDisulfide test data, the set of protein sequence whose structures
do not have any disulfide bonds are also predicted. Thus for the 100 protein sequences of
the NonDisulfide test data, the structures are predicted using
1. Disulfide set, set of protein structure that have at least one disulfide bond, where
ΦPredDs and ΨPredDs are the predicted Φ and Ψ values.
2. NonDisulfide set, set of protein structure that do not have any disulfide bonds where
ΦPredNds and ΨPredNds are the predicted Φ and Ψ values.
3. Combined Disulfide set and NonDisulfide set where ΦPredCom and ΨPredCom are the
predicted Φ and Ψ values.
Thus, now we have the predicted structures of the 200 protein sequences, in terms of the
Φ and Ψ values of amino acids of the sequences. The next step is to compare these predicted
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for i← ProteinSequence(1) to ProteinSequence(100) in1
Disulfide test data/NonDisulfide test data do
for Each overlapping fragment size 3 window of ProteinSequence(i) do2
Create Φ distribution from Disulfide set as detailed in Algorithm 3.2;3
Create Ψ distribution from Disulfide set as detailed in Algorithm 3.2;4
ΦPredDs (of middle amino acid) = Lower limit of bin with the mathematical5
mode of the Φ distribution;
ΨPredDs (of middle amino acid) = Lower limit of bin with the mathematical6
mode of the Ψ distribution;
end7
for Each overlapping fragment size 3 window of ProteinSequence(i) do8
Create Φ distribution from NonDisulfide set as detailed in Algorithm 3.2;9
Create Ψ distribution from NonDisulfide set as detailed in Algorithm 3.2;10
ΦPredNds (of middle amino acid) = Lower limit of bin with the mathematical11
mode of the Φ distribution;
ΨPredNds (of middle amino acid) = Lower limit of bin with the mathematical12
mode of the Ψ distribution;
end13
for Each overlapping fragment size 3 window of ProteinSequence(i) do14
Create Φ distribution from the combined Disulfide set and NonDisulfide set as15
detailed in Algorithm 3.2;
Create Ψ distribution from the combined Disulfide set and NonDisulfide set as16
detailed in Algorithm 3.2;
ΦPredCom (of middle amino acid) = Lower limit of bin with the mathematical17
mode of the combined Φ distribution;
ΨPredCom (of middle amino acid) = Lower limit of bin with the mathematical18
mode of the combined Ψ distribution;
end19
end20
Algorithm 3.6: Predicting Φ and Ψ values
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structures with the PDB structure of the sequences. This is done by comparing the predicted
dihedral angles with the dihedral angles extracted from the PDB files of the sequences.
Let ∆ΦDs be the measure of difference between the predicted Φ values of the query
protein sequences and the Φ values extracted from the PDB file of these sequences, where
the prediction was done using the Disulfide set, the set of protein structures that have at
least one disulfide bond in them. ∆ΦDs is then calculated as follows.
∆ΦDs =
∑n
i=1 |ΦPdb − ΦPredDs|
n
(3.2)
Similarly, let ∆ΨDs be the measure of difference between the predicted Ψ values of the
query protein sequences and the Ψ values extracted from the PDB file of these sequences,
where the prediction was done using the Disulfide set. ∆ΨDs is calculated as follows.
∆ΨDs =
∑n
i=1 |ΨPdb −ΨPredDs|
n
(3.3)
Let ∆ΦNds be the measure of difference between the predicted Φ values of the query
protein sequences and the Φ values extracted from the PDB file of these sequences, where
the prediction was done using the NonDisulfide set, the set of protein structures that do not
have any disulfide bond in them. ∆ΦNds is calculated as follows.
∆ΦNds =
∑n
i=1 |ΦPdb − ΦPredNds|
n
(3.4)
Similarly, let ∆ΨNds be the measure of difference between the predicted Ψ values of the
query protein sequences and the Ψ values extracted from the PDB file of these sequences,
where the prediction was done using the NonDisulfide set. ∆ΨNds is calculated as follows.
∆ΨNds =
∑n
i=1 |ΨPdb −ΨPredNds|
n
(3.5)
Let ∆ΦCom be the measure of difference between the predicted Φ values of the query
protein sequences and the Φ values extracted from the PDB file of these sequences, where
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the prediction was done using the combined Disulfide set and NonDisulfide set. ∆ΦCom is
calculated as follows.
∆ΦCom =
∑n
i=1 |ΦPdb − ΦPredCom|
n
(3.6)
Similarly, let ∆ΨCom be the measure of difference between the predicted Ψ values of the
query protein sequences and the Ψ values extracted from the PDB file of these sequences,
where the prediction was done using the combined Disulfide set and NonDisulfide set. ∆ΨCom
is calculated as follows.
∆ΨCom =
∑n
i=1 |ΨPdb −ΨPredCom|
n
(3.7)
Using equations 3.2, 3.3, 3.4, 3.5, 3.6 and 3.7, ∆ΦDs, ∆ΨDs, ∆ΦNds, ∆ΨNds, ∆ΦCom
and ∆ΨCom are calculated for the 100 protein sequence of the Disulfide test data, the set of
protein sequences whose structure have at least one disulfide bond. Similarly ∆ΦDs, ∆ΨDs,
∆ΦNds, ∆ΨNds, ∆ΦCom and ∆ΨCom are also calculated for the 100 protein sequences of
the NonDisulfide test data, the set of protein sequences whose structures have no disulfide
bonds. These results are detailed in Tables 3.2 and 3.3. Table 3.2 shows the difference
measure between the predicted Φ values and the Φ values extracted from the PDB files of
the protein sequences of the Disulfide test data and the NonDisulfide test data. Similarly
Table 3.3 shows the difference measure between the predicted Ψ values and the Ψ values
extracted from the PDB files of the protein sequences of the Disulfide test data and the
NonDisulfide test data.
The measure of difference shown in Table 3.2, shows that for the Disulfide test data, the
measure of difference of ∆ΦDs (32.3) is less than that of ∆ΦNds (39.7) and ∆ΦCom (36.7).
This means that for protein sequences that are known to have disulfide bonds in their struc-
tures, the prediction results of Φ are better when prediction is done using protein structures
that have disulfide bonds than when using protein structure without disulfide bonds and
more importantly than when using a data set that together has protein structures with and
without disulfide bonds. Similarly Table 3.2 also shows that, for NonDisulfide test data, the
measure of ∆ΦNds (40.2) is less than that of ∆ΦDs (43.1) and ∆ΦCom (40.8).
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Test data ∆ΦDs ∆ΦNds ∆ΦCom
Disulfide test data 32.3 39.7 36.7
NonDisulfide test data 43.1 40.2 40.8
Table 3.2: Measure of difference of φ values
Table 3.3, shows the measure of difference between the predicted Ψ values and the Ψ
values extracted from the sequences’ PDB files. It shows that, for the Disulfide test data,
the difference measure of ∆ΨDs (60.3) is less than that of ∆ΨNds(76.2) and ∆ΦCom (69.6).
This shows that, for protein sequence that are known to have disulfide bonds, the prediction
results of Ψ are better when the prediction is done using a data set of proteins with disulfide
bonds than with a data set with proteins without disulfide bonds and more importantly, a
data set that has together both protein structures with and without disulfide bonds. Table 3.3
also shows that, for the NonDisulfide test data, the difference measure of ∆ΨNds (72.2) is
less than ∆ΨDs (77.3), but the same as ∆ΨCom (72.2).
From both Tables 3.2 and 3.3, it can be seen that for protein sequences that are known
to have disulfide bonds, predicting using a data set of protein structures with disulfide bonds
yields better results than predicting using a data set that has both proteins with and without
disulfide bonds together (∆ΦDs < ∆ΦCom and ∆ΨDs < ∆ΨCom). But for protein sequences
that are known not to have disulfide bonds, the prediction quality seems to be almost the
same when predicting using protein structures without disulfide bonds and with the data set
having together both protein structures with and without disulfide bonds. The reason behind
this could be because in the data sets we used for this experiment, the number of protein
structures without disulfide bonds far exceed the number of protein structures with disulfide
bonds. Hence, when both these groups of proteins are combined together, the prediction
obtained from this combined data set is nearly the same as the prediction obtained from the
data set having only protein structures without disulfide bonds.
Test data ∆ΨDs ∆ΨNds ∆ΨCom
Disulfide test data 60.3 76.2 69.6
NonDisulfide test data 77.3 72.2 72.2
Table 3.3: Measure of difference of ψ values
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It should be noted that, the above detailed protein structure prediction method and re-
sults are merely used as an example to show how the structural differences of short fragments
of amino acids in proteins with and without disulfide bonds can be used to improve protein
structure prediction. It is not intended to show that short amino acid fragments have struc-
tural difference when occurring in proteins with and without disulfide bonds. This was shown
using the Wilcoxon signed rank test for matched pairs in Sections 3.4 and 3.5.
3.7 Conclusion
In this chapter, the following research question was investigated,
• Do short amino acid fragments have significant structural differences when occurring
in proteins with disulfide bonds and in those proteins without disulfide bonds?
This question is of interest because ab initio protein structure prediction methods use struc-
ture libraries made of short amino acid fragments and the protein structures from which
these libraries are not classified based on proteins having disulfide bonds and proteins with-
out disulfide bonds. Using statistical analysis, we show that short amino acid fragments
have significant structural differences when occurring in proteins with disulfide bonds and in
those proteins without disulfide bonds. This result forms the first step in investigating how
structurally different these fragments are and how can this difference be measured (done in
Chapter 4). By showing that short amino acid fragments have significant structural differ-
ences when occurring in proteins with and without disulfide bonds and by measuring this
difference (done in Chapter 4), we show that, ab initio protein structure prediction meth-
ods using fragment assembly techniques ought to classify their structure libraries based on
fragments obtained from proteins with disulfide bonds and from fragments obtained from
proteins without disulfide bonds. Doing so would improve the prediction quality of ab ini-
tio methods as this classification process would separate dissimilar structures of identical
fragments, which otherwise would be mixed together in the same structure library.
The results presented in this chapter showed a significant structural difference between
fragment populations in sets of proteins with and without disulfide bonds. The next step is
to measure how structurally different these fragments and the 20 amino acids are in proteins
with and without disulfide bonds, which is done in the next chapter.
Chapter 4
Measuring Structure Differences∗
4.1 Introduction
The goal of Chapter 3 was to investigate whether short fragments of proteins have different
structures when occurring in proteins with and without disulfide bonds. By comparing the Φ
and Ψ dihedral angle distributions of the short fragments in proteins with and without disul-
fide bonds, we showed that the structure of these short fragments are significantly different
in terms of their dihedral angles. In other terms, we showed a significant structural difference
in the whole population of short fragments when they occurred in proteins with and without
disulfide bonds. The results of that work did not include the structure difference properties
of individual short fragments or amino acids when they occur in proteins with and without
disulfide bonds.
Hence, as a next step, in this chapter, we investigate the following research question
• Which of the short fragments and more importantly, which of the 20 amino acids exhibit
structural differences when occurring in proteins with and without disulfide bonds?
We attempt to find which short fragments and amino acids are different and how different
they are by defining a measure of structure difference for the short fragments and amino acids.
In order to calculate this measure, we use methods from directional statistics. The measure
of structure difference of amino acids is obtained from comparing the mean vectors of the Φ
and Ψ dihedral angles of all 8000 short fragments of length 3 when they occur in proteins
with and without disulfide bonds. Results of this experiment showed that the measure of
structural difference of the short fragments varies vastly for the Φ and Ψ dihedral angles. As
∗The work presented in this chapter has appeared in [Dayalan, 2006]
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a result, the measure of structure differences for the 20 amino acids needed to be calculated
separately for three different cases based on the Φ and Ψ measures of the short fragments.
Analysing the amino acids’ measure of structure differences for the three cases showed that
all 20 amino acids have significant structural differences in terms of dihedral angles in varying
degrees when occurring in proteins with and without disulfide bonds. Analysing the amino
acids’ measure of structure differences also revealed that the amino acids could possibly
have different secondary structure preferences when occurring in proteins with and without
disulfide bonds. In the next chapter, we investigate the secondary structure differences of
the amino acids when they occur in proteins with and without disulfide bonds.
This chapter is further divided as follows. Section 4.2 discusses the background details
of directional statistics that is used in this work. The experimental methodology used to
investigate the research question in this chapter is detailed in Section 4.3 and the results
of this experiment are presented and discussed in detail in Section 4.4. Finally Section 4.5
concludes this chapter.
4.2 Directional Statistics
This section discusses the background details of directional statistics that is used in this
work.
4.2.1 Background
Directional statistics is the study and analysis of circular data. Circular data arises from
calculating directions and is usually represented in degrees. We use directional statistics
[Mardia and Jupp, 2000] here because, this work involves investigating the differences in
structures of short fragments and amino acids and these structures are represented as angles
(Φ and Ψ dihedral angles) or directions. When working with directions, the importance
of using methods from directional statistics over methods from traditional statistics when
manipulating directional data can be observed from the following example. Consider finding
the average of two directions, 1◦ and 359◦. If these two directions are considered as mere
numbers and not as directions, then the average would be 180◦. But in terms of directions,
180◦ cannot be the average of 1◦ and 359◦ because 180◦ points to the opposite direction to
where 1◦ and 359◦ are pointing to. These kind of problems are overcome by using directional
statistics whose methods are discussed below.
In Chapter 3, in spite of working with directions (dihedral angles), we did not use direc-
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tional statistics for our investigation. This is because, the analysis done there involved only
comparing the mathematical modes of two distributions. The result of such a comparison
would be the same whether the values of the distribution were considered as directions or as
numbers (after necessary conversions as shown in Algorithm 3.4). As a result, in Chapter 3
we considered the values of the distributions as numbers and not directions.
4.2.2 Unit Vectors and Mean direction
Data in directional statistics are represented as unit vectors. Hence a direction θ is repre-
sented as the unit vector
z =
(
sin θ
cos θ
)
=
(
x
y
)
(4.1)
In Equation 4.1, the angle θ is measured anti-clockwise bearing from North. The mean
direction of a set of directions is calculated as follows. If θ1,. . ., θn are a set of given directions
and their corresponding unit vectors, which can be calculated from Equation 4.1 are z1,. . .,
zn. Then the mean direction is defined as the direction of the average of the unit vectors zi;
z¯ =
∑n
i=1 zi
n
=
(
x¯
y¯
)
(4.2)
where
x¯ =
∑n
i=1 sin θi
n
(4.3)
y¯ =
∑n
i=1 cos θi
n
(4.4)
Hence, the mean direction is given by,
θ¯ = arctan
( x¯
y¯
)
(4.5)
where
arctan(θ) is the inverse tangent function.
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If all directions point to the same direction, or in other words if the dispersion of the
directions were zero, then all the vectors zi are all equal and equal to z¯ which therefore
has length 1. On the other hand, if the directions are very dispersed, then the vector z¯
would have a length which is much less than 1. Since, the length of the mean vector z¯ is an
indication of the degree of dispersion, this length R¯ can be used as a measure of dispersion
of the directions. This is known as the Rayleigh Statistic and is given by
R¯ =
√
x¯2 + y¯2 (4.6)
The Equation 4.1 reflects the situation where the angles are measured anti-clockwise
bearing from North. In the work presented in this chapter, we use dihedral angles that have
the range [−180◦, +180◦) that is measured anti-clockwise bearing from East. To reflect this,
the Equations 4.1, 4.2, 4.3 and 4.4 are changed as follows:
z =
(
cos θ
sin θ
)
=
(
x
y
)
(4.7)
z¯ =
∑n
i=1 zi
n
=
(
x¯
y¯
)
(4.8)
where
x¯ =
∑n
i=1 cos θi
n
(4.9)
y¯ =
∑n
i=1 sin θi
n
(4.10)
Therefore, now the mean direction θ¯ is given by
θ¯ = arctan
( y¯
x¯
)
(4.11)
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4.2.3 Von Mises Distribution
Von Mises distribution [Mardia and Jupp, 2000] is a probability distribution for directional
data. This is a two-parameter distribution characterized by the mean, θ ∈ [0, 2pi) (radians)
and concentration κ ∈ [0,∞). The probability density function of the von Mises distribution
is given by,
f(α; θ, κ) =
1
2piI0(κ)
eκ cos(α−θ) (4.12)
0 ≤ α < 2pi, 0 ≤ κ <∞
where
I0(κ) =
1
2pi
∫ 2pi
0
eκ cos(α−θ) dα. (4.13)
The mean value θ is estimated by θ¯ defined in Equation 4.11 and κ is estimated by the
function of the Rayleigh Statistic R¯ defined in Equation 4.6
4.3 Experimental Methodology
This section discusses in detail, the experimental methodology used to investigate the re-
search question posed in this chapter. In the process we also describe the background of the
statistical test we use in this investigation.
In Chapter 3 we showed that structures of the population of short amino acid fragments
that occur in proteins with disulfide bonds are significantly different in terms of dihedral
angles to the structures of the population of short fragments that occur in proteins without
disulfide bonds. This result led us to investigate the following question in this chapter.
• Which of the short fragments and more importantly, which of the 20 amino acids exhibit
structural differences when occurring in proteins with and without disulfide bonds?
We find which of the short fragments and amino acids exhibit the structural difference
by defining a measure of structure difference. The higher the value of this measure, the more
structural difference a short fragment or an amino acid would exhibit when they occur in
proteins with and without disulfide bonds. The details of how we calculate the measure of
structure difference is explained below in detail.
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4.3.1 Materials
The data set used in this experiment is the same as that was used in Chapter 3. We use a
non-redundant data set of 5,227 protein structures with better than 2A˚ and less than 90%
sequence similarity. The non-redundant list1 was obtained from the protein sequence culling
server Pisces [Wang and Dunbrack, 2003] and the protein structures were obtained from the
PDB [Berman et al., 2000].
4.3.2 Data Classification
The experimental methodology used to investigate the research question posed in this chapter
has different phases. In phase 1 of this experiment, the set of 5,227 protein structures were
classified into two data sets as detailed in Algorithm 3.1 in Chapter 3. The first set containing
protein structures that have at least one disulfide bond and the second set containing protein
structures that do not have any disulfide bonds. Let the first set be called the Disulfide set
and the second set be called NonDisulfide set.
4.3.3 Collecting Structure Details
As explained in Chapter 3 (specifically Sections 3.4.1 and 3.4.2), the structures of short
amino acid fragments are defined as the Φ and Ψ dihedral angles of the middle amino acid
and the length of these short fragments is 3 amino acids long. As a result, we have 8000
different short amino acid fragments of size 3 (203 different combinations). In phase two
of this experiment, as detailed in Algorithm 4.1, the structure of each of these 8000 short
fragments were collected separately from the Disulfide set and the NonDisulfide set. The
following explains this process in detail.
First, for each of the 8000 short fragments, the structure details (Φ and Ψ dihedral angles
of the of middle amino acid) of all its occurrences were collected from the Disulfide set, the
data set with protein structures that have at least one disulfide bond. For example, consider
the short sequence CYS-GLY-HIS. All protein structures of the Disulfide set were parsed
and looked for the occurrence of CYS-GLY-HIS. In every case where this short sequence was
found, the Φ and Ψ dihedral angles of the middle amino acid GLY were collected. Similarly
the structure details in terms of the Φ and Ψ dihedral angles of the middle amino acid were
collected for all occurrences of each of the 8000 short amino acid fragments from the Disulfide
1cullpdb pc90 res2.0 R0.25
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set. In a similar fashion, the structure details of all 8000 short fragments were collected from
the NonDisulfde set, the set of protein structures without any disulfide bonds.
for i← Fragment(1) to Fragment(8000) do1
for Each PDB file of Disulfide set do2
Parse overlapping fragments of the sequence;3
if Fragment(i) is found then4
Collect Φ and Ψ of middle amino acid;5
end6
end7
for Each PDB file of NonDisulfide set do8
Parse overlapping fragments of the sequence;9
if Fragment is found then10
Collect Φ and Ψ of middle amino acid;11
end12
end13
end14
Algorithm 4.1: Collecting structure details for each of 8000 fragments
Thus, at the end of phase two, for each of the 8000 short amino acid fragments we have,
• A collection of Φ values obtained from protein structures in the Disulfide set. Let this
be called the Disulfide Phi Set.
• A collection of Ψ values obtained from protein structures in the Disulfide set. Let this
be called the Disulfide Psi Set.
• A collection of Φ values obtained from protein structures in the NonDisulfide set. Let
this be called the NonDisulfide Phi Set.
• A collection of Ψ values obtained from protein structures in the NonDisulfide set. Let
this be called the NonDisulfide Psi Set.
4.3.4 Comparing Mean Directions
In order to define a measure of structural difference for a short fragment or an amino acid, we
first need to find if the difference in the structures of the short fragment or the amino acid,
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when occurring in proteins with and without disulfide bonds is statistically significant or not.
This is done by comparing the structures of the 8000 fragments that were obtained from the
Disulfide set with the corresponding structures obtained from the NonDisulfide set. The
result of this comparison would indicate whether the difference in structures of a fragment
when occurring in proteins with and without disulfide bonds is statistically significant or not.
Using the results obtained from this comparison, in the next phase of this experiment, the
structural difference of amino acids when occurring in proteins with and without disulfide
bonds will be measured.
To find which of the 8000 short amino acid fragments’ structures are significantly different,
the following is done. For each of the 8000 short fragments
• The mean direction obtained from the Disulfide Phi Set is compared with the mean
direction obtained from the NonDisulfide Phi Set and
• The mean direction obtained from the Disulfide Psi Set is compared with the mean
direction obtained from the NonDisulfide Psi Set.
These comparisons are done using a test for equality of two mean directions. Explained
below are the procedures underlying this test.
1. Null Hypothesis : H0 : Samples from von Mises distributions have the same mean.
2. Alternative Hypothesis : Ha : Samples from von Mises distributions have unequal
mean.
3. Test Statistic :
F =
(
1 +
3
8κ¯
)(n− 2)(R1 +R2 −Rp)
n−R1 −R2 (4.14)
where, n is the sum of the two sample sizes. R1 and R2 and Rp are the resultant
lengths for the first, second and pooled samples respectively, and κ¯ is the von Mises
concentration estimate that is based on R¯p. The F statistic shown in Equation 4.14
has an F distribution with 1 and n− 2 degrees of freedom if H0 holds.
4. Rejecting Null Hypothesis : H0 is rejected in favour of Ha at level α if F > F1−α(1, n−
2).
The rationale of this test is based on the observation that if the two compared mean directions
are the same, then the sum of the lengths R1 +R2 should be very close to the length of the
combined sample Rp, else the two lengths should be different [Mardia and Jupp, 2000].
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In this work, thus, for each of the 8000 short amino acid fragments we have two tests,
one for Φ and the other for Ψ. The details of these tests are given below.
Test for Φ
1. Null Hypothesis : H0 : The von Mises distributions of Disulfide Phi Set and NonDisul-
fide Phi Set have the same mean.
2. Alternative Hypothesis : Ha : The von Mises distributions of Disulfide Phi Set and
NonDisulfide Phi Set have unequal mean.
3. Test Statistic :
F(Φ) =
(
1 +
3
8κ¯(Φ)
)(n(Φ) − 2)(R(Φss) +R(Φnss) −R(Φ))
n(Φ) −R(Φss) −R(Φnss)
(4.15)
The variables of this equation are detailed below.
4. Rejecting Null Hypothesis : H0 is rejected in favour of Ha if
F(Φ) > F0.05(1, n(Φ) − 2).
where F0.05(1, n−2) is the 0.05 percentile (right-tailed probability) of the F distribution
with 1, n− 2 degrees of freedom.
The explanation and calculation of the variables of Equation 4.15 are as follows:
• In Equation 4.15
n(Φ) = n(Φss) + n(Φnss) (4.16)
where n(Φss) is the number of Φ angles in the Disulfide Phi Set for the short fragment
under consideration and n(Φnss) is the number of Φ angles in the NonDisulfide Phi Set
for the short fragment
• In Equation 4.15, R(Φss) is the resultant length of the vectors of the Φ angles of the
short fragment, which was obtained from the Disulfide Phi Set and is calculated as
shown below.
R(Φss) = n(Φss)R¯(Φss) = n(Φss)
√
(x¯(Φss))
2 + (y¯(Φss))
2 (4.17)
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where,
x¯(Φss) =
∑n(Φss)
i=1 cos θi
n(Φss)
(4.18)
y¯(Φss) =
∑n(Φss)
i=1 sin θi
n(Φss)
(4.19)
cos θ and sin θ are calculated from each of the Φ angles in the Disulfide Phi Set.
• In Equation 4.15, R(Φnss) is the resultant length of the vectors of the Φ angles of the
short fragment, which was obtained from the NonDisulfide Phi Set and is calculated
as shown below.
R(Φnss) = n(Φnss)R¯(Φnss) = n(Φnss)
√
(x¯(Φnss))
2 + (y¯(Φnss))
2 (4.20)
where,
x¯(Φnss) =
∑n(Φnss)
i=1 cos θi
n(Φnss)
(4.21)
y¯(Φnss) =
∑n(Φnss)
i=1 sin θi
n(Φnss)
(4.22)
cos θ and sin θ are calculated from each of the Φ angles in the NonDisulfide Phi Set.
• In Equation 4.15,
R(Φ) =
√
(X¯(Φ))
2 + (Y¯(Φ))
2 (4.23)
where
X¯(Φ) = n(Φss)x¯(Φss) + n(Φnss)x¯(Φnss) (4.24)
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and
Y¯(Φ) = n(Φss)y¯(Φss) + n(Φnss)y¯(Φnss) (4.25)
• Finally, in Equation 4.15, κ¯(Φ) the von Mises concentration is calculated from the
statistical table containing values of R¯(Φ), where
R¯(Φ) =
R(Φ)
n(Φss) + n(Φnss)
(4.26)
Test for Ψ
1. Null Hypothesis : H0 : The von Mises distributions of Disulfide Psi Set and NonDisul-
fide Psi Set have the same mean.
2. Alternative Hypothesis : Ha : The von Mises distributions of Disulfide Psi Set and
NonDisulfide Psi Set have unequal mean.
3. Test Statistic :
F(Ψ) =
(
1 +
3
8κ¯(Ψ)
)(n(Ψ) − 2)(R(Ψss) +R(Ψnss) −R(Ψ))
n(Ψ) −R(Ψss) −R(Ψnss)
(4.27)
The variables of this equation are detailed below.
4. Rejecting Null Hypothesis : H0 is rejected in favour of Ha if
F(Ψ) > F0.05(1, n(Ψ) − 2).
where F0.05(1, n−2) is the 0.05 percentile (right-tailed probability) of the F distribution
with 1, n− 2 degrees of freedom.
The explanation and calculation of the variables of Equation 4.27 are as follows:
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• In Equation 4.27
n(Ψ) = n(Ψss) + n(Ψnss) (4.28)
where n(Ψss) is the number of Ψ angles in the Disulfide Psi Set for the short fragment
under consideration and n(Ψnss) is the number of Ψ angles in the NonDisulfide Psi Set
for the short fragment
• In Equation 4.27, R(Ψss) is the resultant length of the vectors of the Ψ angles of the
short fragment, which was obtained from the Disulfide Psi Set and is calculated as
shown below.
R(Ψss) = n(Ψss)R¯(Ψss) = n(Ψss)
√
(x¯(Ψss))
2 + (y¯(Ψss))
2 (4.29)
where,
x¯(Ψss) =
∑n(Ψss)
i=1 cos θi
n(Ψss)
(4.30)
y¯(Ψss) =
∑n(Ψss)
i=1 sin θi
n(Ψss)
(4.31)
cos θ and sin θ are calculated from each of the Ψ angles in the Disulfide Psi Set.
• In Equation 4.27, R(Ψnss) is the resultant length of the vectors of the Ψ angles of the
short fragment, which was obtained from the NonDisulfide Psi Set and is calculated as
shown below.
R(Ψnss) = n(Ψnss)R¯(Ψnss) = n(Ψnss)
√
(x¯(Ψnss))
2 + (y¯(Ψnss))
2 (4.32)
where,
x¯(Ψnss) =
∑n(Ψnss)
i=1 cos θi
n(Ψnss)
(4.33)
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y¯(Ψnss) =
∑n(Ψnss)
i=1 sin θi
n(Ψnss)
(4.34)
cos θ and sin θ are calculated from each of the Ψ angles in the NonDisulfide Psi Set.
• In Equation 4.27,
R(Ψ) =
√
(X¯(Ψ))
2 + (Y¯(Ψ))
2 (4.35)
where
X¯(Ψ) = n(Ψss)x¯(Ψss) + n(Ψnss)x¯(Ψnss) (4.36)
and
Y¯(Ψ) = n(Ψss)y¯(Ψss) + n(Ψnss)y¯(Ψnss) (4.37)
• Finally, in Equation 4.27, κ¯(Ψ) the von Mises concentration is calculated from the
statistical table containing values of R¯(Ψ), where
R¯(Ψ) =
R(Ψ)
n(Ψss) + n(Ψnss)
(4.38)
Thus, for each of the 8000 fragments,
• F(Φ) is calculated using Equation 4.15 by comparing the Φ values of theDisulfide Phi Set
and the NonDisulfide Phi Set and
• F(Ψ) is calculated using Equations 4.27 by comparing the Ψ values of the Disul-
fide Psi Set and the NonDisulfide Psi Set
As explained in both Test for Φ and Test for Ψ, to find if the difference observed (F(Φ), F(Ψ))
in these comparisons is statistically significant,
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• F(Φ) should be compared with F0.05(1, n(Φ) − 2) and
• F(Ψ) should be compared with F0.05(1, n(Ψ) − 2).
As explained in the Test for Φ, the Null Hypothesis H0 of “The von Mises distributions
of Disulfide Phi Set and NonDisulfide Phi Set have the same mean” can be rejected and
the Alternative Hypothesis of Ha of “The von Mises distributions of Disulfide Phi Set and
NonDisulfide Phi Set have different means” accepted if
F(Φ) > F0.05(1, n(Φ) − 2) (4.39)
If the Null Hypothesis H0 is rejected and the Alternative Hypothesis Ha is accepted, this
shows that the mean direction of Φ in the Disulfide Phi Set is significantly different from the
mean direction of Φ in the Disulfide Phi Set at the 5% significance level. This in turn means
that the structure of the short fragment under consideration in terms of the dihedral angle Φ
is significantly different when the fragment occurs in proteins with disulfide bonds and that
in proteins without disulfide bonds.
Similarly, as explained in the Test for Ψ, the Null Hypothesis H0 of “The von Mises distri-
butions of Disulfide Psi Set and NonDisulfide Psi Set have the same mean” can be rejected
and the Alternative Hypothesis of Ha of “The von Mises distributions of Disulfide Psi Set
and NonDisulfide Psi Set have different means” accepted if
F(Ψ) > F0.05(1, n(Ψ) − 2) (4.40)
If the Null Hypothesis H0 is rejected and the Alternative Hypothesis Ha is accepted, this
means that the mean direction of Ψ in the Disulfide Psi Set is significantly different from
the mean direction of Ψ in the Disulfide Psi Set at the 5% significance level. This in turn
means that the structure of the short fragment under consideration in terms of the dihedral
angle Ψ is significantly different when the fragment occurs in proteins with disulfide bonds
and that in proteins without disulfide bonds.
4.3.5 Measuring Structural Dissimilarity
Thus, at the end of the previous phase of the experiment, we had
• For each of the 8000 short fragments, compared its F(Φ) value with its corresponding
F0.05(1, n(Φ) − 2) value.
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• For each of the 8000 short fragments, compared its F(Ψ) value with its corresponding
F0.05(1, n(Ψ) − 2) value.
As explained earlier, the difference observed in this comparison is statistically significant
at the 5% significance level if F(Φ) > F0.05(1, n(Φ)−2) and if F(Ψ) > F0.05(1, n(Ψ)−2). To mea-
sure the structure dissimilarity of a short fragment when occurring in proteins with and with-
out disulfide bonds, the measure of difference observed in comparing F(Φ) and F0.05(1, n(Φ)−2)
and that of F(Ψ) and F0.05(1, n(Ψ) − 2) can be considered if this difference was statistically
significant.
Thus,
If F(Φ) > F0.05(1, n(Φ)−2), then F(Φ)−F0.05(1, n(Φ)−2) can used for measuring the structural
difference and
If F(Ψ) > F0.05(1, n(Ψ)−2), then F(Ψ)−F0.05(1, n(Ψ)−2) can used for measuring the structural
difference
But, these difference measures cannot be compared against each other to find which is more
different because each of the 8000 fragments have a different F-distribution. This problem
can be overcome by comparing the P − value of the corresponding F − values, instead of
taking the difference F(Φ) − F0.05(1, n(Φ) − 2) or F(Ψ) − F0.05(1, n(Ψ) − 2). As a result, we
calculated the P-value for all the 8000 short amino acid fragment’s F(Φ) and F(Ψ) values.
Now, the statistically significant cases at the 5% significance level would be the ones with a
P -value < 0.05.
Thus, for each of the 8000 short fragments, we had a
• P(Φ)-value calculated from its F(Φ)-value.
• P(Ψ)-value calculated from its F(Ψ)-value.
This in turn gave rise to four different cases. Thus, each of the 8000 short fragments had one
of the following,
1. P(Φ)-value < 0.05 and P(Ψ)-value < 0.05. This means that the short fragment’s both Φ
and Ψ angles distributions are significantly different when occurring in proteins with
and without disulfide bonds.
2. P(Φ)-value < 0.05 and P(Ψ)-value > 0.05. This means that the short fragment’s Φ dis-
tribution is significantly different when occurring in proteins with and without disulfide
bonds, but not its Ψ distribution.
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3. P(Φ)-value > 0.05 and P(Ψ)-value < 0.05. This means that the short fragment’s Ψ dis-
tribution is significantly different when occurring in proteins with and without disulfide
bonds, but not its Φ distribution.
4. P(Φ)-value > 0.05 and P(Ψ)-value > 0.05. This means that the short fragment’s both Φ
and Ψ distributions are not significantly different when occurring in proteins with and
without disulfide bonds.
We first present the measure of structure difference for the 20 amino acids and then later
present the measure of structure difference for the short fragments.
Measure of structure difference for the 20 amino acids
This measure was calculated using the P(Φ)-value and the P(Ψ)-value of the 8000 short frag-
ments as explained below. Since the structure of a short fragment is defined as the Φ and
Ψ dihedral angle values of the middle amino acid, to calculate the structural difference of
each of the 20 amino acids, we grouped all the short fragments with the same middle amino
acid in three different ways depending on the values of P(Φ)-value and P(Ψ)-value. This is
explained in detail using an example. For example, to measure of structural difference for
the amino acid ALA, all short fragments of the form XXX-ALA-XXX (XXX represents any
of the 20 amino acids) were grouped together in the following three ways.
• Case 1 : All short fragments of the form XXX-ALA-XXX whose P(Φ)-value < 0.05 and
P(Ψ)-value < 0.05. This is the case where Both Φ and Ψ are significantly different.
• Case 2 : All short fragments of the form XXX-ALA-XXX whose P(Φ)-value < 0.05 and
P(Ψ)-value > 0.05. This is the case where Only Φ is significantly different and not Ψ.
• Case 3 : All short fragments of the form XXX-ALA-XXX whose P(Φ)-value > 0.05 and
P(Ψ)-value < 0.05. This is the case where Only Ψ is significantly different and not Φ
We left out the condition of P(Φ)-value > 0.05 and P(Ψ)-value > 0.05 as we are interested
only in the statistically significant cases.
For an amino acid i, the measure of structural difference was measured for each of the
three cases using the following equation.
Mi =
(
pi
ni
)(
ni
N
)
N
=
pi
N2
(4.41)
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The variables of the Equation 4.41 is detailed below for each of the three cases.
1. Case 1 : Both Φ and Ψ are significantly different (P(Φ)-value < 0.05 and P(Ψ)-value
< 0.05).
• ni is the number of short fragments which has the middle amino acid as the amino
acid under consideration and has P(Φ)-value < 0.05 and P(Ψ)-value < 0.05.
• N is given by
N =
20∑
i=1
ni (4.42)
• pi is given by
pi =
n∑
i=1
( 1
P(Φi)
)
+
n∑
i=1
( 1
P(Ψi)
)
(4.43)
Since, the lesser the P-value, the more significant the difference is, to have a
measure that increases with the difference, the inverse of P-value, 1P is used in
calculating the measure M in all three cases.
2. Case 2 : Only Φ is significantly different and not Ψ (P(Φ)-value < 0.05 and P(Ψ)-value
> 0.05)
• ni is the number of short fragments which has the middle amino acid as the amino
acid under consideration and has P(Φ)-value < 0.05 and P(Ψ)-value > 0.05.
• N is given by
N =
20∑
i=1
ni (4.44)
• pi is given by
pi =
n∑
i=1
( 1
P(Φi)
)
(4.45)
3. Case 3 : Only Ψ is significantly different and not Φ (P(Φ)-value > 0.05 and P(Ψ)-value
< 0.05)
In this case, in Equation 4.41
CHAPTER 4. MEASURING STRUCTURE DIFFERENCES 77
• ni is the number of short fragments which has the middle amino acid as the amino
acid under consideration and has P(Φ)-value > 0.05 and P(Ψ)-value < 0.05.
• N is given by
N =
20∑
i=1
ni (4.46)
• pi is given by
pi =
n∑
i=1
( 1
P(Ψi)
)
(4.47)
In Equation 4.41, for each amino acid,
(
pi
ni
)
gives the average measure of how structurally
different the amino acid is when occurring in proteins with and without disulfide bonds.
Similarly,
(
ni
N
)
gives the probability with which the amino acid exhibits this difference.
Hence, the final structure difference measure M gets a score depending on how structurally
different an amino acid and how frequent this happens when occurring in proteins with and
without disulfide bonds.
Measure of structure difference for short fragments
For short fragments, the measure of structure difference is simply given by its
(
1
P
)
value.
Therefore, for
1. Case 1 : Both Φ and Ψ are significantly different (P(Φ)-value < 0.05 and P(Ψ)-value
< 0.05).
M =
( 1
P(Φ)
)
+
( 1
P(Ψ)
)
(4.48)
2. Case 2 : Only Φ is significantly different and not Ψ (P(Φ)-value < 0.05 and P(Ψ)-value
> 0.05)
M =
( 1
P(Φ)
)
(4.49)
3. Case 3 : Only Ψ is significantly different and not Φ (P(Φ)-value > 0.05 and P(Ψ)-value
< 0.05)
M =
( 1
P(Ψ)
)
(4.50)
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4.4 Results and Discussion
In this section we first describe the results of the measure of structure difference M for
the 20 amino acids in all three cases. In doing so we also show how these measures reveal
information on how the amino acids could be different in terms of secondary structures when
occurring in proteins with and without disulfide bonds. Later we discuss the results of the
structure difference measures of the short fragments.
As explained in the previous section, the experiment to calculate the measure of structure
difference gave raise to three cases and hence we had defined the structure difference measure
for each of these three cases. In other terms, this produced three different measures for
each of the 20 amino acids. We cannot combine these three cases here to produce a single
measure because as explained below, each of these three cases mean different things about
the secondary structure preferences of the amino acids when they occur in proteins with and
without disulfide bonds.
4.4.1 Results of structure difference measure for the 20 amino acids
In this section, for each of the three cases, we describe the results of the measure of structure
differences of the 20 amino acids along with the secondary structure information it reveals.
Case 1: Both Φ and Ψ are significantly different
The first case involves the results of the measure of difference M for the 20 amino acids
when they exhibit significant structural changes in both their Φ and Ψ dihedral angles when
occurring in proteins with and without disulfide bonds. Table 4.1, shows the values of
different factors used to calculate the structural difference measure M .
In Table 4.1, the column n is the number of short fragments which have the amino acid
under consideration as the middle amino acid and which have significantly different Φ and
Ψ in proteins with and without disulfide bonds. In other terms, as shown in Figure 4.1(a)
this shows the frequency with which each amino acid significantly differs structurally when
they occur in proteins with and without disulfide bonds. In Table 4.1, the column p shows
the values of Equation 4.43. The column p/n in Table 4.1 shows the measure that indicates
how different each amino acid is structurally when occurring in proteins with and without
disulfide bonds. This is shown graphically in Figure 4.1(b). Finally, the measure of struc-
tural difference M of the 20 amino acids, is given in Table 4.1 and graphically shown in
Figure 4.1(c). This is the case where the amino acids exhibit the most difference in their
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Amino acid n p p/n M
ALA 80 454475 5681 0.259
ARG 59 330203 5597 0.188
ASN 24 11211 467 0.006
ASP 36 164208 4561 0.094
CYS 55 299663 5448 0.171
GLN 72 133343 1852 0.076
GLU 54 196488 3639 0.112
GLY 105 478096 4553 0.272
HIS 58 60138 1037 0.034
ILE 83 601971 7253 0.343
LEU 123 285468 2321 0.163
LYS 60 70449 1174 0.040
MET 50 310788 6216 0.177
PHE 72 269025 3736 0.153
PRO 28 74085 2646 0.042
SER 83 122090 1471 0.070
THR 66 172161 2608 0.098
TRP 62 134926 2176 0.077
TYR 74 312704 4226 0.178
VAL 81 389190 4805 0.222
Table 4.1: Structural difference measure for the 20 amino acids in the case where both Φ and
Ψ are significantly different
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Figure 4.1: (a) n - The number of fragments that have significantly different Φ and Ψ. (b)
p/n - Measure of the strength of difference (c) M - The measure of structural difference
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structures when occurring in proteins with and without disulfide bonds. This is because in
this case, the amino acids are significantly different in both their Φ and Ψ dihedral angles
when occurring in proteins with and without disulfide bonds.
Beta
Alpha
L-Alpha
Figure 4.2: Ramachandran plot of all amino acids except GLY. Long arrows indicates both
Φ and Ψ are significantly different in proteins with and without disulfide bonds
To understand what these results mean in terms of the secondary structure characteristics
of these 20 amino acids, we use Figure 4.22. This figure shows the Ramachandran plot of the
Φ and Ψ dihedral angles distribution of all amino acids except GLY. As explained earlier,
this case involves finding the structural measure of the 20 amino acids when both their Φ and
Ψ dihedral angles are significantly different. This is shown by the long arrows that run along
the Φ axis and the Ψ axis in Figure 4.2. Significantly different in both Φ and Ψ means that
the two compared points in the Ramachandran plot (the dihedral angle of an amino when it
occurs in proteins with disulfide bonds (first point) and the dihedral angle of that amino acid
when occurring in proteins without disulfide bonds (second point)) are well spaced along the
Φ axis and the Ψ axis.
Since, in this case the amino acids exhibit significant differences in both Φ and Ψ, in
terms of their secondary structure characteristics, this could mean one of the following:
1. These amino acids could belong to the same secondary structure region (alpha helices
or beta sheets) and exhibit significantly different dihedral angles or
2This Figure was obtained from the accompanying online software of [Kleywegt and Jones, 1996]
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2. They belong to different secondary structure regions when occurring in proteins with
and without disulfide bonds. Two possible cases are, (1) Alpha helix and Beta sheet as
one secondary structure region and left handed alpha helices being the other secondary
structure region, (2) Alpha helix being one secondary structure region and Beta sheet
being the other secondary structure region.
Case 2: Only Φ is significantly different and not Ψ
This is the case where the structure dissimilarity measure M is calculated for all 20 amino
acids which are significantly different in their Φ dihedral angle and not their Ψ dihedral angle
when occurring in proteins with and without disulfide bonds. This is shown in Table 4.2 and
in Figure 4.3.
In Table 4.2, the column n shows for each amino acid, the number of fragments with the
amino acid in the middle position and which were significantly different only in their Φ angles
and not in their Ψ angles when occurring in proteins with and without disulfide bonds. This
is shown in Figure 4.3(a), which shows the frequency with which each amino acid is affected
structurally. In Table 4.2, the column p shows the values calculated from Equation 4.45 for
each amino acid. The column p/n in Table 4.2 is the measure of how different structurally
each amino acid is when occurring in proteins with and without disulfide bonds. Finally the
structure dissimilarity measure M for all amino acids that have a significant difference in
only their Φ and not their Ψ angles when occurring in proteins with and without disulfide
bonds is given in Table 4.2 and is shown in Figure 4.3(c). In both Figures 4.3(a) and 4.3(c),
GLY has a high score and again this is due to the vast range of dihedral angles GLY can
take, especially along the Φ axis.
Figure 4.4 is used to understand what these results mean in terms of secondary structure
characteristics for the 20 amino acids. In this case, we measured the structure dissimilarity
measure of the 20 amino acids that were only significantly different in their Φ angle and not
their Ψ angle. This is shown in Figure 4.43 with the two arrows. Here, for this case, the long
arrow means that any two points compared in the Ramachandran plot would be spaced far
only along the Φ axis and not along the Ψ axis which is indicated by the short arrow. In
terms of secondary structures, this could mean two things.
1. Since the two compared points (the dihedral angle of an amino when it occurs in
proteins with disulfide bonds (first point) and the dihedral angle of that amino acid
3This Figure was obtained from the accompanying online software of [Kleywegt and Jones, 1996]
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Amino acid n p p/n M
ALA 65 189656 2918 0.108
ARG 40 7721 193 0.004
ASN 16 115060 7191 0.066
ASP 16 1234 77 0.001
CYS 24 10722 447 0.006
GLN 35 15336 438 0.009
GLU 47 22806 485 0.013
GLY 98 625572 6383 0.356
HIS 17 1748 103 0.001
ILE 44 53560 1217 0.031
LEU 34 163840 4819 0.093
LYS 40 254358 6359 0.145
MET 21 21834 1040 0.012
PHE 30 56766 1892 0.032
PRO 38 87557 2304 0.050
SER 43 296325 6891 0.169
THR 55 138210 2513 0.079
TRP 34 30650 901 0.017
TYR 54 164440 3045 0.094
VAL 61 190190 3118 0.108
Table 4.2: Structural dissimilarity measure for the 20 amino acids in the case where only Φ
is significantly different
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Figure 4.3: (a) n - The number of fragments that have significantly different Φ . (b) p/n -
Measure of the strength of difference (c) M - The measure of structural dissimilarity
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Beta
Alpha
L-Alpha
Figure 4.4: Ramachandran plot of all amino acids except GLY. Long arrow indicates signif-
icant difference in Φ and short arrow indicates Ψ is not significantly different
when occurring in proteins without disulfide bonds (second point)) are not spaced far
along the Ψ axis, this could mean that these points belong to the same secondary
structure region (Alpha helix and Beta sheet). And since, these two compared points
are spaced far only along the Φ axis and not along the Ψ axis means that the amino acid,
when occurring in proteins with and without disulfide bonds have the same secondary
structure but significantly different Φ angles.
2. The other possibility is that, since the two compared points are spaced far along the Φ
axis and not in the Ψ axis, this could mean that these points belong to two different
secondary structure regions, where Alpha helix and Beta sheet being one secondary
structure region (-180◦ to 0◦) and the other secondary structure region being the Left
handed alpha helix (0◦ to +180◦).
Case 3: Only Ψ is significantly different and not Φ
In this case, the structure dissimilarity measure M is calculated for the 20 amino acids when
they are significantly different in only their Ψ angle and not in their Φ dihedral angle when
occurring in proteins with and without disulfide bonds. This is shown in Table 4.3 and in
Figure 4.5.
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Amino acid n p p/n M
ALA 73 550354 7539 0.313
ARG 102 836852 8204 0.477
ASN 113 772672 6838 0.440
ASP 115 877428 7630 0.500
CYS 114 541183 4747 0.308
GLN 83 750274 9039 0.427
GLU 81 262146 3236 0.149
GLY 63 413607 6565 0.236
HIS 129 958999 7434 0.546
ILE 89 362952 4078 0.207
LEU 111 779850 7026 0.444
LYS 95 911511 9595 0.519
MET 95 733024 7716 0.418
PHE 111 409930 3693 0.233
PRO 79 343208 4344 0.195
SER 105 626583 5967 0.357
THR 118 504004 4271 0.287
TRP 112 854862 7633 0.487
TYR 120 781526 6513 0.445
VAL 85 230892 2716 0.132
Table 4.3: Structural dissimilarity measure for the 20 amino acids in the case where only Ψ
is significantly different
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Figure 4.5: (a) n - The number of fragments that have significantly different Ψ. (b) p/n -
Measure of the strength of difference (c) M - The measure of structural dissimilarity
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In Table 4.3, for each amino acid, n is the number of fragments with that amino acid in
the middle position and which that were significantly different only in their Ψ and not in
their Φ dihedral angles when occurring in proteins with and without disulfide bonds. This is
also shown in Figure 4.5(a), which shows the frequency with which each amino acid is affected
structurally when occurring in proteins with and without disulfide bonds. In Table 4.3 and
Figure 4.5(b), the measure p/n shows the measure of how structurally different each amino
acid is when occurring in proteins with and without disulfide bonds. Finally, the measure of
structural difference M of all 20 amino acids when occurring in proteins with and without
disulfide bonds is shown in Table 4.3 and Figure 4.5(c).
Beta
Alpha
L-Alpha
Figure 4.6: Ramachandran plot of all amino acids except GLY. Long arrow indicates signif-
icant difference in Ψ and short arrow indicates Φ is not significantly different
Figure 4.64 is used to explain what these results mean in terms of secondary structure
characteristics for the 20 amino acids when they occur in proteins with and without disulfide
bonds. This case involves measuring the structural dissimilarity for the amino acids which
significantly different only in their Ψ values and not in their Φ values. This is indicated by
the length of the two arrows in Figure 4.6. A significantly different Ψ, indicated by the long
arrow along the Ψ axis in the Ramachandran plot shows that two compared points that are
significantly different would be spaced far from each other along this axis. This combined
with the fact that these two compared points (the dihedral angle of an amino when it occurs
4This Figure was obtained from the accompanying online software of [Kleywegt and Jones, 1996]
CHAPTER 4. MEASURING STRUCTURE DIFFERENCES 89
in proteins with disulfide bonds (first point) and the dihedral angle of that amino acid when
occurring in proteins without disulfide bonds (second point)) are not significantly different
along the Φ axis shows that these compared points mostly belong to one of the following:
1. Same secondary structure region but have significantly different dihedral angles.
2. Different secondary structure regions, where Alpha helix being one secondary structure
region and Beta sheets being the other secondary structure region.
4.4.2 Results of structure difference measure for short fragments
We do not present the results obtained by calculating the measure of structural dissimi-
larity M for the short fragments here. This is because, a vast majority of the 8000 short
fragments has a measure calculated and presenting them here would require hundreds of
pages. Hence, these results are presented at the web address http://goanna.cs.rmit.edu.au/
∼sdayalan/Thesis/.
4.4.3 Discussion
The aim of this Chapter was to find which of the 20 amino acids and which of the short
fragments have significantly different structure when occurring in proteins with and without
disulfide bonds. We attempted to do this by introducing a measure that would calculate this
structural difference of the amino acids and short fragments in proteins with and without
disulfide bonds. As shown in Section 4.3.5, our experiment gave raise to three different cases
(for the 20 amino acids) and hence we had defined the structure difference and calculated the
measure for each of these three cases. Analysing these measures for the three cases indicates
the following.
1. • Case 1: Both Φ and Ψ are significantly different
• Results in terms of dihedral angles:
– All 20 amino acids have significantly different structures in terms of their
Φ and Ψ dihedral angles in varying degrees are indicated by the measure
of structure difference when these amino acids occur in proteins with and
without disulfide bonds.
• Results in terms of secondary structures:
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– Indicates possible secondary structure differences of the amino acids when
they occur in proteins with and without disulfide bonds, more specifically,
(a) The amino acids could belong to the same secondary structure region
(Alpha helices or Beta sheets) and exhibit significantly different dihedral
angles or
(b) They belong to different secondary structure regions when occurring in
proteins with and without disulfide bonds. Two cases are possible here,
(1) Alpha helices and Beta sheets as one secondary structure region and
left handed alpha helices being the other secondary structure region, (2)
Alpha helices being one secondary structure region and Beta sheets being
the other secondary structure region.
2. • Case 2: Only Φ is significantly different and not Ψ
• Results in terms of dihedral angles:
– All 20 amino acids have significantly different structures in terms of their Φ
dihedral angle in varying degrees are indicated by the measure of structure
difference when these amino acids occur in proteins with and without disulfide
bonds.
• Results in terms of secondary structures:
– Indicates possible secondary structure differences of the amino acids when
they occur in proteins with and without disulfide bonds, more specifically,
(a) Since the two compared points (the dihedral angle of an amino when
it occurs in proteins with disulfide bonds (first point) and the dihedral
angle of that amino acid when occurring in proteins without disulfide
bonds (second point)) are not spaced far along the Ψ axis could mean
that these points belong to the same secondary structure region (Alpha
helix and Beta sheet). And since, these two compared points are spaced
far only along the Φ axis and not along the Ψ axis means that the amino
acid, when occurring in proteins with and without disulfide bonds have
the same secondary structure but significantly different Φ angles.
(b) The other possibility is that, since the two compared points are spaced
far along the Φ axis and not in Ψ could mean that these points belong
to two different secondary structure regions, where Alpha helix and Beta
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sheet being one secondary structure region (-180 degrees to 0 degrees) and
the other secondary structure region being the Left handed alpha helix (0
degrees to +180 degrees).
3. • Case 3: Only Ψ is significantly different and not Φ
• Results in terms of dihedral angles:
– All 20 amino acids have significantly different structures in terms of their Ψ
dihedral angle in varying degrees are indicated by the measure of structure
difference when these amino acids occur in proteins with and without disulfide
bonds.
• Results in terms of secondary structures:
– Indicates possible secondary structure differences of the amino acids when
they occur in proteins with and without disulfide bonds, more specifically,
(a) Same secondary structure region but have significantly different dihedral
angles.
(b) Different secondary structure regions, where Alpha helix being one sec-
ondary structure region and Beta sheets being the other secondary struc-
ture region.
4.5 Conclusion
In Chapter 3 we showed that short fragments of amino acids have significantly different
structures when occurring in proteins with and without disulfide bonds. As a next step, in
this Chapter we investigate which of the 20 amino acids and short fragments have significantly
different structures in terms of the Φ and Ψ dihedral angles when occurring in proteins with
and without disulfide bonds. To find this, we define a measure of structure difference M for
the 20 amino acids and the short fragments. The experiment to calculate this measure gave
raise to three different cases, resulting in three different measures of structure differences
for the 20 amino acids. Analysing the amino acids’ measure of structure differences for the
three cases showed that all 20 amino acids have significant structural differences in terms
of dihedral angles in varying degrees when occurring in proteins with and without disulfide
bonds. Analysing the amino acids’ measure of structure differences also revealed that the
amino acids could possibly have different secondary structure preferences when occurring in
proteins with and without disulfide bonds. In the next Chapter, we investigate the secondary
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structure differences of the 20 amino acids and short fragments when they occur in proteins
with and without disulfide bonds.
Chapter 5
Secondary Structure Differences in
Amino Acids∗
5.1 Introduction
In Chapter 4, we introduced a measure of structure difference that indicated how an amino
acid is structurally different in terms of dihedral angles when it occurs in proteins with and
without disulfide bonds. This measure was defined for three different cases based on the Φ
and Ψ dihedral angles. Analysing the structure difference measures for the three cases showed
the amino acids could have different secondary structure properties. The goal of this thesis
is to investigate and understand how the backbone structures of amino acids are different
when they occur in proteins with and without disulfide bonds. We approach this problem
in two different fronts, one using dihedral angles and the other using secondary structures.
As explained in earlier chapters, to understand this structure difference, investigating the
secondary structures alone is not enough. This is because, even though an amino acid or
a short fragment has the same secondary structure in proteins with and without disulfide
bonds, it still could be significantly different in terms of its dihedral angles. This is important
especially in the case of coils. As coils can take a variety of dihedral angles, amino acids that
have coils in both proteins with and without disulfide bonds could have very different dihedral
angles.
In this chapter, we investigate the secondary structure differences of amino acids in pro-
teins with and without disulfide bonds. In particular, we investigate,
∗The work presented in this chapter has appeared in [Dayalan, 2007]
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1. The distribution of the secondary structures in proteins with and without disulfide
bonds.
2. The distribution of the secondary structures of the amino acids in proteins with and
without disulfide bonds.
3. The secondary structure propensity of amino acids in proteins with and without disul-
fide bonds.
To investigate the secondary structure differences, we used the secondary structure as-
signment program STRIDE [Frishman and Argos, 1995; Heinig and Frishman, 2004]. Using
the secondary structures assigned by STRIDE, we separately analyse the data sets of proteins
that have disulfide bonds and those that do not have disulfide bonds. First we investigate
the percentage distribution of secondary structures in proteins with and without disulfide
bonds and show that they are very different. Next, we calculate the percentage distribution
of secondary structures of the amino acids when they occur in proteins with and without
disulfide bonds and show that they are very different as well. Finally, we calculate the sec-
ondary structure propensity of the amino acids when they occur in proteins with and without
disulfide bonds. The results of this analysis show that the secondary structure propensity
of some amino acids are different. In other words, this means that an amino acid when
occurring in proteins with disulfide bonds could have a propensity towards say Helices, but
has a propensity towards Coils or Sheets when occurring in proteins without disulfide bonds.
These results are important as they could assist in assigning secondary structures to amino
acids in protein secondary structure prediction methods. We also show that amino acid
similarity based on the secondary structure propensities are different for proteins with and
without disulfide bonds.
The rest of this chapter is divided as follows. In Section 5.2 we detail the different
secondary structure assignment programs. In Section 5.3 we present the experiments and
discuss the results and we conclude this chapter in Section 5.4.
5.2 Background
In this section we present different secondary structure assignment methods and explain why
for our investigation we had used these programs. Next, we discuss the secondary structure
assignment program STRIDE that is used in our work.
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5.2.1 Secondary Structure Assignment
Secondary structure assignment is the process of assigning, for every amino acid, its secondary
structure. The major secondary structure classifications are Helix, Sheet and Coil. But, as
detailed below, secondary structure methods can choose to have more classifications. The
non-redundant data set of proteins used in this work was obtained from the PDB. The
PDB files of these protein structures indeed already have secondary structures assigned to
amino acids. But this assignment is unreliable because mostly, the secondary structures of
amino acids of a protein is assigned by the depositor of the structure. Manually assigning the
secondary structures to amino acids in proteins can be quite difficult, especially when dealing
with those residues that are present at the end of helices and sheets [Martin et al., 2005]. In
the case where the depositor has not assigned the secondary structure, then the secondary
structure assignment program DSSP [Kabsch and Sander, 1983] is used by the PDB to assign
secondary structures. Due to these inconsistencies, we did not use the secondary structure
assignment of the PDB and used a secondary structure assignment program STRIDE to
assign secondary structures [Frishman and Argos, 1995; Heinig and Frishman, 2004].
There is no standard way to assign secondary structures to amino acids in a protein
structure [Andersen and Rost, 2003]. As a result, there are several methods that use different
techniques to assign secondary structures to amino acids. Some of the secondary structure
assignment methods are DEFINE [Richards and Kundrot, 1988], P-Curve [Sklenar et al.,
1989], PSEA [Labesse et al., 1997], XTLSSTR [King and Johnson, 1999] and VoTAP [Dupuis
et al., 2004]. The two most widely used secondary structure assignment methods are DSSP
[Kabsch and Sander, 1983] and STRIDE [Frishman and Argos, 1995; Heinig and Frishman,
2004]. We chose STRIDE because it was shown to be better than DSSP [Frishman and
Argos, 1995].
5.2.2 STRIDE
The secondary structure assignment in STRIDE [Frishman and Argos, 1995; Heinig and
Frishman, 2004] is based on the idea of detecting hydrogen bonds, which are defined by
electrostatic criteria. STRIDE calculates the hydrogen bonding energy by taking into account
the distance between the donor and the acceptor along with the deviations from linearity
of the bond angles. STRIDE assigns secondary structures to amino acids based on the
hydrogen-bonding patterns and also takes into account the Φ and Ψ dihedral angles to assign
secondary structures. The quality of the assignment is represented as a weighted product of
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the hydrogen bonding energies and the propensities of the residue to occur in the secondary
structure units. STRIDE uses one the following seven secondary structure classifications
for assignment. Alpha helix (H), 3-10 helix (G), PI-helix (I), Extended conformation (E),
Isolated bridge (B or b), Turn (T) and Coil (C).
5.3 Secondary Structure Differences
In this section, we detail the experimental methodology and results of the analysis of sec-
ondary structure differences in proteins with and without disulfide bonds. First in Sec-
tion 5.3.1, we present the experimental methodology used in this analysis. In Section 5.3.2
we present the differences in the percentage distribution of secondary structures in proteins
with and without disulfide bonds. Then, in Section 5.3.3, we show the differences in the
secondary structure distributions of the 20 amino acids in proteins with and without disul-
fide bonds. Finally in Section 5.3.4, we show the differences in the secondary structure
propensities of the 20 amino acids in proteins with and without disulfide bonds.
5.3.1 Materials and Method
For this analysis, we used the same data set of proteins that was used earlier as detailed in
Chapters 3 and 4. This data set of proteins were divided into two based on the presence
and absence of disulfide bonds as detailed in Algorithm 3.1 in Chapter 3. The first data
set consists of proteins that has at least one disulfide bond. Let this data set be called the
Disulfide set. The second data set consists of proteins that do not have any disulfide bonds.
Let this data set be called the NonDisulfide set.
For all proteins in both the Disulfide set and the NonDisulfide set, we use STRIDE to
assign secondary structures. As explained earlier, STRIDE assigns one of the following seven
secondary structure classifications to amino acids; Alpha helix (H), 3-10 helix (G), PI-helix
(I), Extended conformation (E), Isolated bridge (B or b), Turn (T) and Coil (C). In our work,
for simplicity, we use only three classifications: Helix, Sheet and Coil. These three classifica-
tions are usually the ones used to represent an amino acid’s secondary structure. Therefore,
we combine different STRIDE’s secondary structure classifications as follows. Alpha helix
(H), 3-10 helix (G), PI-helix (I) were combined and considered as Helix. Isolated bridge
(B or b), Turn (T) and Coil (C) were combined and considered as Coil and the Extended
conformation (E) was considered as Sheet. Therefore now, each amino acid in the proteins of
both the Disulfide set and the NonDisulfide set was classified as one of the following; Helix,
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Sheet and Coil.
5.3.2 Secondary Structures Distribution
First we investigate whether there is a difference in the secondary structure distributions in
proteins with and without disulfide bonds. This is done as follows. First, in the Disulfide
set, we calculate the number of amino acids that have Helix, Sheet and Coil assigned to it by
STRIDE. Then, we do a similar count of the number of amino acids having Helix, Sheet and
Coil in the NonDisulfide set. Finally we combine both the Disulfide set and the NonDisulfide
set. Let this be called the Combined set. We also calculate the number of amino acids with
Helix, Sheet and Coil as their secondary structure in the Combined set.
The percentage distribution of secondary structure is calculate using the following for-
mula.
PHss =
(NHss
Nss
)
100 (5.1)
where, PHss is the percentage of Helix in the Disulfide set, NHss is the number of amino
acids with Helix as its secondary structure in the Disulfide set and Nss is the total number
of amino acids in the Disulfide set. Similarly, we calculate the percentage of Sheet PSss and
percentage of coil PCss in the Disulfide set. Likewise we calculate the percentage of Helix,
Sheet and Coil for the NonDisulfide set and the Combined set
These calculated percentages are shown in Table 5.1 and in Figure 5.1. From Figure 5.1,
it can be seen that, in the Disulfide set, there are more Coils followed by Helices and then
by Sheets. On the other hand, in the NonDisulfide set, there are more Helices followed by
Coils and then by Sheets. This shows that proteins with disulfide bonds are made up of more
Sheets than Helices, whereas proteins without disulfide bonds are made up of more Helices
than Sheets.
Therefore the results of Table 5.1 and Figure 5.1 clearly show that there is a significant
difference in the occurrence of secondary structures in proteins with and without disulfide
bonds. This difference in secondary structure percentage cannot be observed when proteins
with and without disulfide bonds are combined together as shown by the histogram of the
Combined set in Figure 5.1. This observation between the difference in the secondary struc-
ture distribution in proteins with and without disulfide bonds is important, especially in
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Dataset Helix % Sheet% Coil%
Disulfide set 25.5 31.1 43.4
NonDisulfide set 40.5 21.8 37.8
Combined set 37.3 23.7 39.0
Table 5.1: Percentage distribution of Helix, Sheet and Coil secondary structures in the Disul-
fide set, NonDisulfide set and the Combined set
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Figure 5.1: Histogram comparing the percentage distribution of Helix, Sheet and Coil sec-
ondary structures in the Disulfide set, NonDisulfide set and the Combined set
secondary structure prediction. This observation yet again shows the importance of classi-
fying proteins based on the presence and absence of disulfide bonds by both secondary and
tertiary structure prediction methods.
5.3.3 Secondary Structure Distribution of Amino Acids
Now that we have observed a difference in the percentage distribution of the secondary
structures in proteins with and without disulfide bonds, next we find how each of the 20
amino acids are affected by this difference in secondary structure distribution in proteins
with and without disulfide bonds. For this, we calculated the percentage distributions of the
secondary structures for each amino acid in the Disulfide set and the NonDisulfide set.
The percentage distribution of an amino acid’s secondary structure was calculate as fol-
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lows:
Ph,i =
(Nh,i
Ni
)
100 (5.2)
where Ph,i is the percentage of the occurrence of the amino acid i as helix in the data set,
Nh,i is the frequency of the amino acid i occurring as a helix and Ni is the total number of
occurrences of the amino acid i in the given data set. Likewise, we calculated the percentage
distribution of all 20 amino acid’s secondary structures (Helix, Sheet and Coil) in the Disulfide
set and the Disulfide set separately. The results are shown in Table 5.2. This Table shows
the frequency (Nh,i, Ns,i, Nc,i) and the percentage of occurrence (Ph,i, Ps,i, Pc,i) for each
amino acid as Helix, Sheet and Coil in the Disulfide set and the NonDisulfide set. These
results are represented in Figures 5.2, 5.3 and 5.4.
Figure 5.2 shows the Helix, Sheet and Coil percentage distribution for all 20 amino acids
in the Disulfide set. In other words, this figure shows the percentage distribution of the
secondary structures for the amino acids when they occur in proteins with disulfide bonds.
The results of Table 5.1 showed that amino acids in proteins with disulfide bonds mostly
occur as Coils, followed by Sheets and Helices. The results of Figure 5.2 shows that this is
not always the case with individual amino acids and that each amino acid has a different
secondary structure percentage distribution. The following list shows the secondary structure
in which an amino acid occurs mostly when it occurs in proteins with disulfide bonds.
• Helix : 2 amino acids : ALA, GLU
• Sheet : 8 amino acids : CYS, ILE, LEU, MET, PHE, TRP, TYR and VAL
• Coil : 10 amino acids : ARG, ASN, ASP, GLN, GLY, HIS, LYS, PRO, SER and THR.
The above list is not an attempt to classify amino acids, as here we have only considered
the highest occurring secondary structure and have not considered the percentage of the other
two secondary structures. We do classify amino acids in the next Section after calculating the
propensity values. Another observation that stands out in Figure 5.2 is the high percentage
for Coil in GLY and PRO. This is expected as GLY takes diverse sets of dihedral angles and
hence form Coils most of the time and in case of PRO, its side chain is restricted resulting
in forming more Coils than Helices and Sheets.
Figure 5.3 shows the Helix, Sheet and Coil percentage distribution of the 20 amino acids
in the NonDisulfide set. This is the set of proteins without any disulfide bonds. Figure 5.3
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Figure 5.2: Percentage distribution of the 20 amino acid’s Helix, Sheet and Coil secondary
structures in the Disulfide set
shows that not all amino acids reflect the secondary structure percentage distribution shown
in Table 5.1, which showed that amino acids in proteins without disulfide bonds mostly occur
as Helices, followed by Coils and Sheets. The following list shows the secondary structure in
which an amino acid occurs mostly when it occurs in proteins without disulfide bonds.
• Helix : 11 amino acids : ALA, ARG, GLN, GLU, ILE, LEU, LYS, MET, PHE, TRP
and TYR.
• Sheet : 1 amino acid : VAL
• Coil : 8 amino acids : ASN, ASP, CYS, GLY, HIS, PRO, SER and THR.
As explained earlier, this is not an attempt to group or classify amino acids as here we have
only considered the highest occurring secondary structure and have not considered the other
two. Also because in some cases the difference between the highest occurring secondary
structure percentage and the next highest occurring secondary structure is very low. We
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Figure 5.3: Percentage distribution of the 20 amino acid’s Helix, Sheet and Coil secondary
structures in the NonDisulfide set
show this list only to show that there is a difference in the secondary structure percentage
distributions of amino acids between proteins with and without disulfide bonds.
Finally, Figure 5.4 compares the Helix, Sheet and Coil percentage distributions of each
amino acid in the NonDisulfide set and the Disulfide set. In the figure, NSS indicates the
NonDisulfide set and SS indicates the Disulfide set. In other words, this figure compares
side by side, for every amino acid, its secondary structure distribution when that amino acid
occurs in proteins with disulfide bonds and in those proteins without disulfide bonds. From
this comparison, we can observe the following:
• The following 7 amino acids have similar secondary structure distributions when oc-
curring in proteins with and without disulfide bonds : ALA, ASN, ASP, GLU, ILE,
PRO and THR.
• The following 13 amino acids have different secondary structure distributions when
occurring in proteins with and without disulfide bonds : ARG, CYS, GLN, GLY, HIS,
CHAPTER 5. SECONDARY STRUCTURE DIFFERENCES IN AMINO ACIDS 103
0
10
20
30
40
50
60
70
80
90
100
A
LA
 -
 N
S
S
A
LA
 -
 S
S
A
R
G
 -
 N
S
S
A
R
G
 -
 S
S
A
S
N
 -
 N
S
S
A
S
N
 -
 S
S
A
S
P 
- 
N
S
S
A
S
P 
- 
S
S
C
Y
S
 -
 N
S
S
C
Y
S
 -
 S
S
G
LN
 -
 N
S
S
G
LN
 -
 S
S
G
LU
 -
 N
S
S
G
LU
 -
 S
S
G
LY
 -
 N
S
S
G
LY
 -
 S
S
H
IS
 -
 N
S
S
H
IS
 -
 S
S
IL
E
 -
 N
S
S
IL
E
 -
 S
S
Pe
rc
en
ta
g
e
helix
sheet
coil
0
10
20
30
40
50
60
70
80
90
100
LE
U
 -
 N
S
S
LE
U
 -
 S
S
LY
S
 -
 N
S
S
LY
S
 -
 S
S
M
E
T
 -
 N
S
S
M
E
T
 -
 S
S
PH
E
 -
 N
S
S
PH
E
 -
 S
S
PR
O
 -
 N
S
S
PR
O
 -
 S
S
S
E
R
 -
 N
S
S
S
E
R
 -
 S
S
T
H
R
 -
 N
S
S
T
H
R
 -
 S
S
T
R
P 
- 
N
S
S
T
R
P 
- 
S
S
T
Y
R
 -
 N
S
S
T
Y
R
 -
 S
S
V
A
L 
- 
N
S
S
V
A
L 
- 
S
S
Pe
rc
en
ta
g
e
helix
sheet
coil
Figure 5.4: Histograms comparing the percentage distribution of the 20 amino acid’s Helix,
Sheet and Coil secondary structures of the Disulfide set and the NonDisulfide set
CHAPTER 5. SECONDARY STRUCTURE DIFFERENCES IN AMINO ACIDS 104
LEU, LYS, MET, PHE, SER, TRP, TYR and VAL.
Therefore, in this section, we showed
• That there is a difference in the amino acid’s secondary structure distribution when
the amino acid occurs in proteins with and without disulfide bonds (Table 5.2).
• How the secondary structure distributions of the amino acids are different within the
Disulfide set (Figure 5.2) and the NonDisulfide set (Figure 5.3).
• How the secondary structure distributions of the amino acids are different between the
Disulfide set and the NonDisulfide set (Figure 5.4).
The results of this Section shows a majority of the amino acids (13 out of 20) have
different secondary structure percentage distributions when they occur in proteins with and
without disulfide bonds.
5.3.4 Secondary Structure Propensity of Amino Acids
In the previous section we investigated the difference in the percentage distribution of sec-
ondary structures in amino acids when they occur in proteins with and without disulfide
bonds. In this section, we investigate the propensity of the secondary structures in amino
acids when they occur in proteins with and without disulfide bonds.
Calculating Propensity Values
The propensity of the secondary structure of an amino acid is different from the percentage
that was observed in the previous section. The percentage occurrence of an amino acid’s
secondary structure is the observation of how many times the amino acid occurs as a given
secondary structure when compared to the other two secondary structures. On the other
hand, an amino acid’s propensity to a secondary structure can be defined as the amino acid’s
preference to occur as the secondary structure. This measure would indicate if an amino acid
has a higher or a lower tendency to occur as a secondary structure than the other secondary
structures. Therefore, in this section, we calculate the secondary structure propensities of
all 20 amino acids in proteins with and without disulfide bonds. The propensity of an amino
acid is calculated as follows using the method of [Xia and Xie, 2002].
The following equation is used to calculate the propensity of an amino acid i to occur as
Helix in the Disulfide set.
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Ph,i(ss) =
Nh,i(ss) − E(Nh,i)ss
Ni(ss)
(5.3)
where
• Ph,i(ss) is the propensity of the amino acid i to occur as Helix in the Disulfide set.
• Nh,i(ss) is the frequency of the amino acid i occurring as Helix in the Disulfide set.
• E(Nh,i)ss is the mathematical expectation of the amino acid i occurring as Helix in the
Disulfide set.
The mathematical expectation E(Nh,i)ss is calculated as follows:
E(Nh,i)ss = Nss
(
Nh(ss)
Nss
)(
Ni(ss)
Nss
)
(5.4)
where
• Nss is the total number of amino acids found in the three secondary structures Helix,
Sheet and Coil in the Disulfide set.
• Nh(ss) is the number of amino acids occurring as Helix in the Disulfide set..
• Ni(ss) is the frequency of the amino acid i in the Disulfide set.
The mathematical expectation or the E(Nh,i)ss can be defined as the average frequency
that can be expected of the amino acid i occurring as the secondary structure Helix in the
Disulfide set. This is found by multiplying the probability of the amino acid i occurring in the
Disulfide set, which is given by
(
Ni(ss)
Nss
)
in Equation 5.4 with the probability of the secondary
structure Helix occurring in the Disulfide set, which is given by
(
Nh(ss)
Nss
)
in Equation 5.4.
The propensity value of an amino acid i occurring as a Helix in the Disulfide set (Ph,i(ss)
in Equation 5.3) is calculated as the difference between the observed frequency of the amino
acid i occurring as Helix in the Disulfide set (Nh,i(ss) in Equation 5.3) and the expected
or average frequency of the amino acid i occurring as Helix in the Disulfide set (E(Nh,i)ss
in Equation 5.3). If the difference between the observed value (Nh,i(ss)) and the expected
value (E(Nh,i)ss) is positive, then this means that frequency of the amino acid i occurring
as Helix in the Disulfide set is higher than one would expect on average. This in turn
shows that the amino acid i has a higher propensity towards Helix. On the other hand,
if the difference between the observed value (Nh,i(ss)) and the expected value (E(Nh,i)ss)
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Amino Acid Disulfide set NonDisulfide set
Ph,i(ss) Ps,i(ss) Pc,i(ss) Ph,i(nss) Ps,i(nss) Pc,i(nss)
ALA 0.1309 -0.0587 -0.0722 0.1534 -0.0519 -0.1015
ARG 0.0458 -0.0315 -0.0143 0.0696 -0.0253 -0.0443
ASN -0.0278 -0.1331 0.1609 -0.0831 -0.077 0.1601
ASP 0.0028 -0.1355 0.1327 -0.0603 -0.0928 0.1531
CYS -0.03 0.0816 -0.0517 -0.0509 0.0643 -0.0134
GLN 0.0709 -0.0229 -0.0479 0.1073 -0.0514 -0.0559
GLU 0.1377 -0.0842 -0.0536 0.1449 -0.0664 -0.0784
GLY -0.1428 -0.1309 0.2737 -0.2132 -0.0708 0.284
HIS -0.0193 0.0241 -0.0048 -0.0308 -0.0101 0.0409
ILE 0.0034 0.1792 -0.1826 -0.0098 0.1575 -0.1477
LEU 0.074 0.079 -0.153 0.1076 0.0219 -0.1295
LYS 0.0679 -0.0467 -0.0211 0.065 -0.0432 -0.0218
MET 0.0857 0.0678 -0.1535 0.1007 0.0112 -0.1118
PHE 0.0107 0.1143 -0.125 -0.0076 0.0835 -0.0759
PRO -0.1227 -0.187 0.3097 -0.1838 -0.1213 0.3051
SER -0.0413 -0.0427 0.084 -0.0578 -0.031 0.0888
THR -0.0708 0.0778 -0.007 -0.0931 0.0453 0.0479
TRP -0.0145 0.1163 -0.1018 0.038 0.0535 -0.0915
TYR -0.0207 0.1316 -0.1109 -0.0123 0.0795 -0.0672
VAL -0.0475 0.2245 -0.177 -0.0655 0.2007 -0.1352
Table 5.3: Propensity of the 20 amino acid’s occurring as Helix, Sheet and Coil in the
Disulfide set and the NonDisulfide set
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Figure 5.5: (a) Helix, Sheet and Coil Propensity values of the 20 amino acids in the Disulfide
Set; (b) Helix, Sheet and Coil Propensity values of the 20 amino acids in the NonDisulfide
Set
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is negative, this means that the frequency of the amino acid i occurring as Helix in the
Disulfide set is less than one would expect on average. This in turn means that the amino
acid i has a lower propensity or preference toward Helix. Therefore a positive propensity
value indicates a preference towards the secondary structure and a lower propensity value
indicates a preference against the secondary structure under consideration.
In the similar way using the basis of Equations 5.3 and 5.4, we calculated the propensity
values for each amino acid occurring as Sheet (Ps,i(ss)) and Coil (Pc,i(ss)) in the Disulfide
set. Likewise in the NonDisulfide set we calculated the propensity values for each amino acid
occurring as Helix (Ph,i(nss)), Sheet (Ps,i(nss)) and Coil (Pc,i(nss)). These results are presented
in Table 5.3 and Figure 5.5. These results are analysed in the following section.
Analysing Propensity Values
In order to analyse the propensity values of the amino acids shown in Table 5.3, we use
clustering algorithms. A clustering algorithm clusters similar objects together based on the
object’s properties. In our case, the clustering algorithm will cluster amino acids based
on the propensity values of the amino acids occurring as Helix, Sheet and Coil as given
in Table 5.3. For our analysis, we use the Centroid linkage clustering algorithm. This is
an agglomerative hierarchical method, where all observations are started as being separate
clusters by themselves. In the first step, two observations that are most similar would be
clustered together. In the next step, either a third observation would be combined with
the current cluster or two new observations would be clustered together. This step would
continue until all observations form a single cluster. The linkage clustering methods uses
distances between two observations to cluster them together.
In the Centroid linkage clustering method we use for our analysis, the distance between
two clusters r and s is given by Euclidean distance between the two cluster centroids. The
propensity values of the amino acids occurring as Helix, Sheet and Coil in theDisulfide set and
in the NonDisulfide set were separately clustered and the results presented as dendrograms
in Figures 5.6 and 5.7.
The Helix, Sheet and Coil propensity values of the 20 amino acids in both the Disulfide Set
and the NonDisulfide Set are shown in Figure 5.5. As explained earlier, a positive propensity
value indicates a preference towards the secondary structure and a lower propensity value
indicates a preference against the secondary structure under consideration. For example,
from Table 5.3 and Figure 5.5 consider the propensity values of ALA in the Disulfide set :
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Helix = 0.1309, Sheet = -0.0587 and Coil = -0.0722. Since ALA has a positive value for
Helix and a negative value for both Sheet and Coil, this means that ALA has a preference
towards occurring as a Helix and a preference against occurring as a Sheet and a Coil. Hence,
ALA could be said to prefer occurring in Helices. Similarly, consider another example, the
propensity values of PHE in the Disulfide set : Helix = 0.0107, Sheet = 0.1143 and Coil =
-0.125. Here, PHE has a positive value for both Helix and Sheet, but a negative value for
Coil. In this case, since the positive value of Sheet is the highest, PHE could be said to
mostly prefer occurring in Sheets.
Figure 5.6: Dendrogram of clustering the propensity values of amino acids occurring as Helix,
Sheet and Coil in the Disulfide set (In Figure - H: Helix, S:Sheet, C:Coil)
Figure 5.6 shows the dendrogram resulting from clustering the propensity values of the
amino acids occurring as Helix, Sheet and Coil in the Disulfide set. In the figure, H, S and
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C stand for Helix, Sheet and Coil preferring. From the propensity values of Table 5.3, it can
be seen that similar secondary structure preferring amino acids are clustered together.
Therefore this figure shows that, in proteins with disulfide bonds (Disulfide set)
• The following amino acids have a propensity to occur as Helices : MET, ALA, GLU,
ARG, LYS and GLN
• The following amino acids have a propensity to occur as Sheets : CYS, THR, HIS, ILE,
VAL, PHE, TYR, TRP and LEU.
• The following amino acids have a propensity to occur as Coils : SER, ASP, ASN, GLY
and PRO
Figure 5.7: Dendrogram of clustering the propensity values of amino acids occurring as Helix,
Sheet and Coil in the NonDisulfide set (In Figure - H: Helix, S:Sheet, C:Coil)
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Similarly Figure 5.7 shows the dendrogram resulting from clustering the propensity values
of the amino acids occurring as Helix, Sheet and Coil in the NonDisulfide set.
Therefore, this Figure shows that for proteins without disulfide bonds (NonDisulfide set)
• The following amino acids have a propensity to occur as Helices : MET, LEU, ALA,
GLU, ARG, LYS and GLN
• The following amino acids have a propensity to occur as Sheets : CYS, PHE, TYR,
TRP, ILE and VAL.
• The following amino acids have a propensity to occur as Coils : HIS, SER, THR, ASP,
ASN, GLY and PRO
Two important observations are made from the dendrograms of Figures 5.6 and 5.7.
1. The following amino acids have different secondary structure propensities when occur-
ring in proteins with and without disulfide bonds.
• LEU has a propensity towards Sheet in proteins with disulfide bonds, but has a
propensity towards Helix in proteins without disulfide bonds.
• THR has a propensity towards Sheet in proteins with disulfide bonds, but has a
propensity towards Coil in proteins without disulfide bonds.
• HIS has a propensity towards Sheet in proteins with disulfide bonds, but has a
propensity towards Coil in proteins without disulfide bonds.
2. The clustering of amino acids are different in proteins with and without disulfide bonds.
This means that amino acid similarity based on the secondary structure propensities
are different for proteins with and without disulfide bonds.
Therefore in this section, we calculated the propensity values of the amino acids occurring
in proteins with and without disulfide bonds and showed that three amino acids have different
secondary structure propensities with occurring in proteins with and without disulfide bonds
and that amino acid similarity based on the secondary structure propensities are different
for proteins with and without disulfide bonds.
5.4 Conclusion
In Chapters 3 and 4, we investigated the structural differences of amino acids in protein with
and without disulfide bonds in terms of their dihedral angles. The aim of this chapter was
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to investigate the differences in secondary structures in proteins with and without disulfide
bonds. We used the secondary structure assignment program STRIDE to assign secondary
structures to the proteins in both the Disulfide set and the NonDisulfide set. The results of
our investigation of the differences in secondary structures show that,
• There is a difference in the secondary structure distribution in proteins when they do
and do not have disulfide bonds. In proteins with disulfide bonds, the amino acids
occur mostly as Coils, followed by Sheets and Helices and in proteins without disulfide
bonds, amino acids occur mostly as Helices, followed by Coils and Sheets. In other
words, proteins with disulfide bonds have more Sheets than Helices, whereas proteins
without disulfide bonds have more Helices than Sheets.
• The secondary structure distribution of amino acids are different within the Disulfide
Set (proteins with disulfide bonds) and the NonDisulfide Set (proteins without disulfide
bonds).
• There is a difference in the secondary structure distributions of a majority of amino
acids (13 out of 20) when they occur in proteins with and without disulfide bonds.
This means that for example, an amino acid mostly occurring as say Helix in proteins
with disulfide bonds would mostly occur as Sheets or Coils in proteins without disulfide
bonds.
• Three amino acids, LEU, THR and HIS have different propensities towards secondary
structures when occurring in proteins with and without disulfide bonds.
• Amino acid similarity based on the secondary structure propensities are different for
proteins with and without disulfide bonds.
Therefore, in this Chapter we show how amino acids have different secondary structure
preferences when they occur in proteins with and without disulfide bonds. Based on these
results, we recommend protein secondary structure prediction methods to classify their data
sets into two based on the presence and absence of disulfide bonds in proteins. Doing so, we
expect would improve their prediction.
In this chapter we investigated the secondary structure differences of amino acids in pro-
teins with and without disulfide bonds. Now that a difference is observed in the secondary
structures, in the next Chapter we investigate the structural differences within the same
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secondary structures in proteins with and without disulfide bonds. In other words, we inves-
tigate the difference in the structures within Helices, Sheets and Coils in proteins with and
without disulfide bonds.
Chapter 6
Differences within Secondary
Structures
6.1 Introduction
In the previous chapter, we investigated and showed that there is a difference in the secondary
structure distribution in proteins with and without disulfide bonds. We also showed that the
amino acids have different secondary structure percentage distributions and secondary struc-
ture propensities when they occur in proteins with and without disulfide bonds. Therefore,
in the previous chapter we established that there is a difference in secondary structures of
amino acids in proteins with and without disulfide bonds.
In this chapter, we investigate whether there is a difference within the same secondary
structures for amino acids in proteins with and without disulfide bonds. In other words,
we investigate if there is a difference in structures within Helices, within Sheets and within
Coils of amino acids in proteins with and without disulfide bonds. We find this difference
by analysing the dihedral angle differences within the secondary structure regions of short
fragments in proteins with and without disulfide bonds. This investigation is done in several
phases as explained below.
First, we used the secondary structure assignment program STRIDE [Frishman and Ar-
gos, 1995; Heinig and Frishman, 2004] to assign secondary structures for all proteins with
disulfide bonds (the Disulfide set) and all proteins without disulfide bonds (the NonDisulfide
set). Then, as detailed in Section 4.3.3 of Chapter 4, we obtained the structures in terms
of dihedral angles for each of the 8000 short fragments. Then, for each of these short frag-
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ments, we grouped their Φ and Ψ values into three groups: Helix, Sheet and Coil based on the
STRIDE classification. This was done separately for the Disulfide set and the NonDisulfide
set. Finally, using methods from directional statistics we compared for each amino acid, the
Φ and Ψ dihedral angles of the Helix group in the Disulfide set with the Φ and Ψ dihedral
angles of the Helix group in the NonDisulfide set. A similar comparison was done for all the
amino acids with the Sheet and Coil group.
The results of this experiment show that for every amino acid, there is a statistically
significant difference between the same secondary structure when the amino acid occurs in
proteins with and without disulfide bonds. We present the results in terms of a measure of
difference as well as using Ramachandran plots. Further analysis of these Ramachandran
plots shows an interesting result, where the Φ and Ψ points of the secondary structures
are more scattered in proteins with disulfide bonds when compared with proteins without
disulfide bonds. This indicates that the secondary structures of proteins without disulfide
bonds are more closely defined than the secondary structures of proteins with disulfide bonds.
The results of this chapter are important because this shows that not only there is a
difference between the secondary structure distribution and propensity of amino acids in
proteins with and without disulfide bonds, but there also is a difference within the structures
of secondary structures in proteins with and without disulfide bonds. This is especially
important in case of Coils, as this difference could be taken into account when assigning
dihedral angles to Coils during protein structure prediction. Predicting the structures of
Coils has been one of the most difficult aspects in protein structure prediction.
The rest of the chapter is divided as follows. In Section 6.2 we detail the experimental
methodology used in this investigation. In Section 6.3 we present and discuss the results.
Finally we conclude this chapter in Section 6.4.
6.2 Experimental Methodology
In this section, we present the experimental methodology used to investigate the structural
differences within the same secondary structure regions in amino acids when occurring in
proteins with and without disulfide bonds. This experiment was done in several phases and
is explained below.
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6.2.1 Materials
The data set of proteins used in this experiment is the same as that was used in the exper-
iments of the previous Chapters. We classified this data set into two based on the presence
and absence of disulfide bonds as detailed in Algorithm 3.1 in Chapter 3. Let the set of pro-
teins with disulfide bonds be called the Disulfide set and the set of proteins without disulfide
bonds be called the NonDisulfide set.
6.2.2 STRIDE secondary structure assignment
In phase one of this experiment, we use the secondary structure assignment program STRIDE
[Frishman and Argos, 1995; Heinig and Frishman, 2004] to assign secondary structures for all
proteins in the Disulfide set and the NonDisulfide set. As explained in the previous Chapter,
STRIDE has the following secondary structure classifications: Alpha helix (H), 3-10 helix
(G), PI-helix (I), Extended conformation (E), Isolated bridge (B or b), Turn (T) and Coil
(C). For simplicity, in this work we use only three classifications: Helix, Sheet and Coil as
these are the classifications usually used to represent secondary structures of amino acids.
As a result, we group the STRIDE classifications as follows. Alpha helix (H), 3-10 helix
(G), PI-helix (I) were combined and considered as Helix. Isolated bridge (B or b), Turn (T)
and Coil (C) were combined and considered as Coil and the Extended conformation (E) was
considered as Sheet. Therefore, now the amino acids in proteins of the Disulfide set and
the NonDisulfide set were assigned either has Helix, Sheet or Coil based on the STRIDE
secondary structure classification.
6.2.3 Collecting Structure Details
In phase two of this experiment, we collect the structures in terms of the dihedral angles of
all 8000 short fragments of length 3 from the Disulfide set and the NonDisulfide set. This
was done using the method explained in Algorithm 4.1 in Section 4.3.3 of Chapter 4. We
shall briefly explain the method again here. First, for each of the 8000 short fragments, the
structure details (Φ and Ψ values of the middle amino acid of the triplet) of all its occurrences
were collected from the Disulfide set. Thus now, each of the 8000 short fragments has a set
of dihedral angle values with its corresponding secondary structure classification that were
derived from proteins with disulfide bonds (the Disulfide set). Next, we follow the same
procedure and obtain for each of the 8000 short fragments a set of dihedral angle values with
its corresponding secondary structure classification that were derived from proteins without
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disulfide bonds (the NonDisulfide set).
Therefore, at the end of this phase, we have
• 8000 short fragments each with a set of Φ and Ψ dihedral angles along with the corre-
sponding secondary structure classifications derived from the Disulfide set.
• 8000 short fragments each with a set of Φ and Ψ dihedral angles along with the corre-
sponding secondary structure classifications derived from the NonDisulfide set.
6.2.4 Grouping into Secondary Structures
In phase three of this experiment, for the set of 8000 short fragments and its structures
derived from the Disulfide set and the Disulfide set, we separately group the dihedral angles
based on their secondary structures. This is explained below in detail.
First, we consider the 8000 short fragments and its structure details that were derived
from the Disulfide set. As explained above, each of these short fragments has a collection
of Φ and Ψ dihedral angles along with the corresponding secondary structure classifications.
For each of the 8000 short fragments, we parse through this collection of Φ and Ψ dihedral
angles and group these angles based on its corresponding secondary structure. For a short
fragment, after parsing through the set of Φ and Ψ dihedral angles, its angles would now
be assigned to one the following groups: Helix, Sheet and Coil. Thus, we parse through the
collection of Φ and Ψ dihedral angles for each of the 8000 short fragments in the Disulfide
set and assign the angles to either the Helix, Sheet or Coil group of that short fragment.
Likewise, we group the 8000 short fragments’ dihedral angles in the NonDisulfide set as well.
Therefore, at the end of this phase, for each of the 8000 short fragments we have
• A Helix group that has all the Φ and Ψ dihedral angles that were assigned as Helix by
STRIDE and was derived from the Disulfide set.
• A Sheet group that has all the Φ and Ψ dihedral angles that were assigned as Sheet by
STRIDE and was derived from the Disulfide set.
• A Coil group that has all the Φ and Ψ dihedral angles that were assigned as Coil by
STRIDE and was derived from the Disulfide set.
• A Helix group that has all the Φ and Ψ dihedral angles that were assigned as Helix by
STRIDE and was derived from the NonDisulfide set.
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• A Sheet group that has all the Φ and Ψ dihedral angles that were assigned as Sheet by
STRIDE and was derived from the NonDisulfide set.
• A Coil group that has all the Φ and Ψ dihedral angles that were assigned as Coil by
STRIDE and was derived from the NonDisulfide set.
6.2.5 Comparison Within Secondary Structures
In this phase, for each of the 8000 short fragments, we compare the dihedral angles of a
secondary structure region of the Disulfide set with the dihedral angles of the corresponding
secondary structure region of the NonDisulfide set. As explained in Section 4.3 of Chapter 4,
these comparisons are done using a test for equality of two mean directions whose procedures
are detailed below:
1. Null Hypothesis : H0 : Samples from von Mises distributions have the same mean.
2. Alternative Hypothesis : Ha : Samples from von Mises distributions have unequal
mean.
3. Test Statistic :
F =
(
1 +
3
8κ¯
)(n− 2)(R1 +R2 −Rp)
n−R1 −R2 (6.1)
where, n is the sum of the two sample sizes. R1 and R2 and Rp are the resultant
lengths for the first, second and pooled samples respectively, and κ¯ is the von Mises
concentration estimate that is based on R¯p. The F statistic shown in Equation 6.1 has
an F distribution with 1 and n− 2 degrees of freedom if H0 holds.
4. Rejecting Null Hypothesis : H0 is rejected in favour of Ha at level α if F > F1−α(1, n−
2).
Therefore, in this chapter, using the above mentioned test, we do the following.
• Compare, for each of the 8000 short fragments, the Φ angles of the Helix group de-
rived from the Disulfide set with the Φ angles of the Helix group derived from the
NonDisulfide set.
• Compare, for each of the 8000 short fragments, the Ψ angles of the Helix group de-
rived from the Disulfide set with the Ψ angles of the Helix group derived from the
NonDisulfide set.
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• Compare, for each of the 8000 short fragments, the Φ angles of the Sheet group de-
rived from the Disulfide set with the Φ angles of the Sheet group derived from the
NonDisulfide set.
• Compare, for each of the 8000 short fragments, the Ψ angles of the Sheet group de-
rived from the Disulfide set with the Ψ angles of the Sheet group derived from the
NonDisulfide set.
• Compare, for each of the 8000 short fragments, the Φ angles of the Coil group derived
from the Disulfide set with the Φ angles of the Coil group derived from the NonDisulfide
set.
• Compare, for each of the 8000 short fragments, the Ψ angles of the Coil group derived
from the Disulfide set with the Ψ angles of the Coil group derived from the NonDisulfide
set.
Since, the background of directional statistics and the details of test for equality of two
mean directions were explained in detail in Chapter 4, in this Chapter, we explain, only the
test details of comparing the Φ angles of the Helix group derived from the Disulfide set with
the Φ angles of the Helix group derived from the NonDisulfide set. The details of the tests
for equality of two mean directions for Ψ of Helix and the Φ and Ψ of Sheet and Coil would
be similar to this.
Explained below is the procedure for the test for equality of two mean directions to
compare a short fragment’s Φ angles of the Helix group derived from the Disulfide set with
the short fragment’s corresponding Φ angles of the Helix group derived from the NonDisulfide
set.
1. Null Hypothesis : H0 : The von Mises distributions of the Φ angles of the Helix group
derived from the Disulfide set and the Φ angles of the Helix group derived from the
NonDisulfide set have the same mean.
2. Alternative Hypothesis : Ha : The von Mises distributions of the Φ angles of the Helix
group derived from the Disulfide set and the Φ angles of the Helix group derived from
the NonDisulfide set have unequal mean.
3. Test Statistic :
Fh(Φ) =
(
1 +
3
8κ¯h(Φ)
)(nh(Φ) − 2)(Rh(Φss) +Rh(Φnss) −Rh(Φ))
nh(Φ) −Rh(Φss) −Rh(Φnss)
(6.2)
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The variables of this equation are detailed below.
4. Rejecting Null Hypothesis : H0 is rejected in favour of Ha if
Fh(Φ) > F0.05(1, nh(Φ) − 2).
where F0.05(1, n−2) is the 0.05 percentile (right-tailed probability) of the F distribution
with 1, n− 2 degrees of freedom.
The explanation and calculation of the variables of Equation 6.2 are as follows:
• In Equation 6.2
nh(Φ) = nh(Φss) + nh(Φnss) (6.3)
where nh(Φss) is the number of Φ angles of the Helix group derived from the Disulfide
set for the short fragment under consideration and nh(Φnss) is the number of Φ angles
of the Helix group derived from the NonDisulfide set for the short fragment
• In Equation 6.2, Rh(Φss) is the resultant length of the vectors of the Φ angles of the
Helix group derived from the Disulfide set for the short fragment under consideration
and is calculated as shown below.
Rh(Φss) = nh(Φss)R¯h(Φss) = nh(Φss)
√
(x¯h(Φss))
2 + (y¯h(Φss))
2 (6.4)
where,
x¯h(Φss) =
∑nh(Φss)
i=1 cos θi
nh(Φss)
(6.5)
y¯h(Φss) =
∑nh(Φss)
i=1 sin θi
nh(Φss)
(6.6)
cos θ and sin θ are calculated from each of the Φ angles of the Helix group derived from
the Disulfide set.
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• In Equation 6.2, Rh(Φnss) is the resultant length of the vectors of the Φ angles of the
Helix group derived from the NonDisulfide set for the short fragment under consider-
ation and is calculated as shown below.
Rh(Φnss) = nh(Φnss)R¯h(Φnss) = nh(Φnss)
√
(x¯h(Φnss))
2 + (y¯h(Φnss))
2 (6.7)
where,
x¯h(Φnss) =
∑nh(Φnss)
i=1 cos θi
nh(Φnss)
(6.8)
y¯h(Φnss) =
∑nh(Φnss)
i=1 sin θi
nh(Φnss)
(6.9)
cos θ and sin θ are calculated from each of the Φ angles of the Helix group derived from
the NonDisulfide set.
• In Equation 6.2,
Rh(Φ) =
√
(X¯h(Φ))
2 + (Y¯h(Φ))
2 (6.10)
where
X¯h(Φ) = nh(Φss)x¯h(Φss) + nh(Φnss)x¯h(Φnss) (6.11)
and
Y¯h(Φ) = nh(Φss)y¯h(Φss) + nh(Φnss)y¯h(Φnss) (6.12)
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• Finally, in Equation 6.2, κ¯h(Φ) the von Mises concentration is calculated from the
statistical table containing values of R¯h(Φ), where
R¯h(Φ) =
Rh(Φ)
nh(Φss) + nh(Φnss)
(6.13)
Next, to find whether the difference between the compared directions are statistically
significant, Fh(Φ) is compared with F0.05(1, nh(Φ) − 2). As, explained in the test, the Null
Hypothesis H0 of “The von Mises distributions of the Φ angles of the Helix group derived
from the Disulfide set and the Φ angles of the Helix group derived from the NonDisulfide set
have the same mean” can be rejected and the Alternative Hypothesis Ha of “The von Mises
distributions of the Φ angles of the Helix group derived from the Disulfide set and the Φ
angles of the Helix group derived from the NonDisulfide set have unequal mean” accepted,
if
Fh(Φ) > F0.05(1, nh(Φ) − 2) (6.14)
This means that, for the short fragment under consideration, the Φ values of the Helix
group derived from the Disulfide Set is significantly different at the 5% level, when compared
with the Φ values of the Helix group derived from the NonDisulfide Set. In other words,
this means that, for the short fragment under consideration, the Φ values of the helices
in proteins with disulfide bonds are significantly different to the Φ values of the helices in
proteins without disulfide bonds.
On the other hand, if
Fh(Φ) < F0.05(1, nh(Φ) − 2) (6.15)
then, this means that, for the short fragment under consideration, there are no differences
between the Φ values of the helices in proteins with disulfide bonds when compared to the
Φ values of the helices in proteins without disulfide bonds.
Thus, using the basis of the above detailed test, we calculated the following:
1. Helix:
(a) For each of the 8000 short fragments, the Fh(Φ) and the F0.05(1, nh(Φ) − 2) values
to compare the Φ values of the Helix group derived from proteins with disulfide
bonds (Disulfide Set) with the Φ values of the Helix group derived from proteins
without disulfide bonds (NonDisulfide Set).
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(b) For each of the 8000 short fragments, the Fh(Ψ) and the F0.05(1, nh(Ψ) − 2) values
to compare the Ψ values of the Helix group derived from proteins with disulfide
bonds (Disulfide Set) with the Ψ values of the Helix group derived from proteins
without disulfide bonds (NonDisulfide Set).
2. Sheet:
(a) For each of the 8000 short fragments, the Fs(Φ) and the F0.05(1, ns(Φ) − 2) values
to compare the Φ values of the Sheet group derived from proteins with disulfide
bonds (Disulfide Set) with the Φ values of the Sheet group derived from proteins
without disulfide bonds (NonDisulfide Set).
(b) For each of the 8000 short fragments, the Fs(Ψ) and the F0.05(1, ns(Ψ) − 2) values
to compare the Ψ values of the Sheet group derived from proteins with disulfide
bonds (Disulfide Set) with the Ψ values of the Sheet group derived from proteins
without disulfide bonds (NonDisulfide Set).
3. Coil:
(a) For each of the 8000 short fragments, the Fc(Φ) and the F0.05(1, nc(Φ) − 2) values
to compare the Φ values of the Coil group derived from proteins with disulfide
bonds (Disulfide Set) with the Φ values of the Coil group derived from proteins
without disulfide bonds (NonDisulfide Set).
(b) For each of the 8000 short fragments, the Fc(Ψ) and the F0.05(1, nc(Ψ) − 2) values
to compare the Ψ values of the Coil group derived from proteins with disulfide
bonds (Disulfide Set) with the Ψ values of the Coil group derived from proteins
without disulfide bonds (NonDisulfide Set).
The results of these tests are presented and discussed in the next section.
6.3 Results and Analysis
In the previous section, we explained the experimental methodology used to investigate
differences within secondary structures of amino acids in proteins with and without disulfide
bonds. In this section, we present the results of these experiments in two forms. First,
for each amino acid, we derive a structure dissimilarity measure M for differences within
Helix, Sheet and Coil in proteins with and without disulfide bonds. Second, for each amino
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acid, we present the results in terms of Ramachandran plots, so that the differences within
secondary structures can be visually seen and analysed. The results and analysis of these
Ramachandran plots poses further interesting questions, which we investigate in detail in the
next section.
6.3.1 Structure Dissimilarity Measure
As explained in the previous Section, for each of the 8000 short fragments, we calculated
• For Helix, the Fh(Φ), F0.05(1, nh(Φ) − 2), Fh(Ψ) and the F0.05(1, nh(Ψ) − 2)
• For Sheet, the Fs(Φ), F0.05(1, ns(Φ) − 2), Fs(Ψ) and the F0.05(1, ns(Ψ) − 2)
• For Coil, the Fc(Φ), F0.05(1, nc(Φ) − 2), Fc(Ψ) and the F0.05(1, nc(Ψ) − 2)
Now, to find the structure differences of the 20 amino acids, we group the results of
the short fragments based on the middle amino acid. For example, to find the structure
differences of the amino acid ALA, we group the results of all short fragments of the form
XXX-ALA-XXX (where XXX can be any amino acid), where for the short fragment
F(Φ) > F0.05(1, n(Φ) − 2)
or
F(Ψ) > F0.05(1, n(Ψ) − 2)
This is done separately for the Helix, Sheet and Coil groups.
In grouping the short fragments based on the middle amino acid, the difference of F and
F0.05(1, n−2) needs to be taken into consideration in order to find the degree by which a short
fragment is different. In other words, we need to know which short fragments have a high
difference and which have low differences. To find this, we cannot merely use the difference
of F and F0.05(1, n − 2) because for each short fragment, the F-distribution is different and
as a result, a direct comparison between the difference of F and F0.05(1, n − 2) would be
erroneous. To overcome this problem, we calculated the P − value from the short fragment’s
F − value.
Hence, for each of the 8000 short fragments, now we have
• For Helix: Ph(Φ) and Ph(Ψ) calculated from Fh(Φ) and Fh(Ψ) respectively.
• For Sheet: Ps(Φ) and Ps(Ψ) calculated from Fs(Φ) and Fs(Ψ) respectively.
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• For Coil: Pc(Φ) and Pc(Ψ) calculated from Fc(Φ) and Fc(Ψ) respectively.
Therefore, we define the measure of structure difference as follows.
For Helix:
Mhi =
(
phi
ni
)(
ni
Nhi
)
N
=
phi
NNhi
(6.16)
In Equation 6.16, ni is the number of short fragments which has the amino acid i in the
middle position and whose Ph(Φ) < 0.05 or Ph(Ψ) < 0.05.
In Equation 6.16,
Nhi =
20∑
j=1
nj (6.17)
which is the sum of nj of all 20 amino acids.
In Equation 6.16
phi =
n∑
j=1
( 1
Ph(Φj)
)
+
n∑
j=1
( 1
Ph(Ψj)
)
(6.18)
where Ph(Φj) and Ph(Ψj) are the P − values obtained from Fh(Φ) and Fh(Ψ) respectively
for the short fragment under consideration. We have used 1P in calculating the measure of
structure difference because with P − values, the lesser the value, the more significant the
difference is. Therefore to have a measure that increases with increased difference, we use 1P .
In Equation 6.16,
(
phi
ni
)
gives an average measure indicating how structurally different
the Helix of amino acid i is in proteins with and without disulfide bonds. In the same
Equation,
(
ni
Nhi
)
gives the probability with which the amino acid i has a difference in Helix
when occurring in proteins with and without disulfide bonds.
Finally, in Equation 6.16
N = Nh +Ns +Nc (6.19)
where, Nh, Ns and Nc are the number of total number of short fragments that are
significantly different in the Helix, Sheet and Coil group respectively.
Similarly, using the basis of Equation 6.16 for the 20 amino acids, we also calculated the
measures of structure differences Msi and Mci for the Sheet and Coil groups respectively.
The results of these measures are presented below.
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• Table 6.1 and Figure 6.1 show the results of calculating the measure of structure dif-
ference for the 20 amino acids in investigating the difference in their Helix structure in
proteins with and without disulfide bonds.
• Table 6.2 and Figure 6.2 show the results of calculating the measure of structure dif-
ference for the 20 amino acids in investigating the difference in their Sheet structure in
proteins with and without disulfide bonds.
• Table 6.3 and Figure 6.3 show the results of calculating the measure of structure dif-
ference for the 20 amino acids in investigating the difference in their Coil structure in
proteins with and without disulfide bonds.
The results of Tables 6.1, 6.2 and 6.3 and Figures 6.1, 6.2 and 6.3 shows the presence
of a difference in the structure of Helix, Sheet and Coil for all 20 amino acids but with
varying degrees. In other words, these results clearly show that there is a significant difference
within the secondary structures of amino acids when they occur in proteins with and without
disulfide bonds.
A few observations can be made from these results. As shown in Figure 6.1 and 6.3, GLY
gets a high measure of structure difference, especially in Coils. This observation is expected
due to the large range of dihedral angles GLY can take. But what is interesting is that GLY
does not get the highest score in the measure of structure difference in Sheets (Figure 6.2).
This means that when GLY occurs in Helices and Coils, it take significantly different dihedral
angles when occurring in proteins with and without disulfide bonds but not when occurring
in Sheets, when compared to the other amino acids. A similar characteristic can be observed
with SER, which has a relatively high measure of structure difference in Helix and Coil, but
not in Sheet when compared with other amino acids.
Figure 6.4 compares the measure of structure differences of the 20 amino acids in the three
secondary structure categories, Helix, Sheet and Coil. This figure shows for every amino acid,
in which secondary structure they are different the most. For example, this figure shows that
GLY is very different in terms of its dihedral angles when it occurs as Coils, followed by
Sheets and then by Helices in proteins with and without disulfide bonds. This figure also
shows that all amino acids except VAL are most different when they occur as Coils. Also
this graph shows that most of the amino acids exhibit more difference when occurring as
Sheets than when occurring as Helices. This again is expected as Sheets take a vast range
of dihedral angles than Helices. The first exception is GLU which is more different when
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Amino acid n p p/n M
ALA 31 212293 6848 0.101
ARG 27 113521 4204 0.054
ASN 29 208872 7202 0.100
ASP 45 423616 9414 0.202
CYS 42 413040 9834 0.197
GLN 30 154929 5164 0.074
GLU 42 548107 13050 0.262
GLY 39 882922 22639 0.422
HIS 19 204916 10785 0.098
ILE 25 303211 12128 0.145
LEU 32 43913 1372 0.021
LYS 29 128106 4417 0.061
MET 18 136704 7595 0.065
PHE 31 276047 8905 0.132
PRO 29 280410 9669 0.134
SER 55 558536 10155 0.267
THR 42 153868 3664 0.074
TRP 23 181458 7889 0.087
TYR 35 236413 6755 0.113
VAL 36 368611 10239 0.176
Table 6.1: Measure of structure difference for the 20 amino acids in investigating the differ-
ence in their Helix structure in proteins with and without disulfide bonds
CHAPTER 6. DIFFERENCES WITHIN SECONDARY STRUCTURES 128
0
10
20
30
40
50
60
A
LA
A
R
G
A
S
N
A
S
P
C
Y
S
G
LN
G
LU G
LY
H
IS IL
E
LE
U
LY
S
M
E
T
P
H
E
PR
O
S
E
R
T
H
R
T
R
P
T
Y
R
V
A
L
F
re
q
u
e
n
cy
 (
n
)
0
5000
10000
15000
20000
25000
A
LA
A
R
G
A
S
N
A
S
P
C
Y
S
G
LN
G
LU G
LY
H
IS IL
E
LE
U
LY
S
M
E
T
P
H
E
PR
O
S
E
R
T
H
R
T
R
P
T
Y
R
V
A
L
p
/
n
0.000
0.050
0.100
0.150
0.200
0.250
0.300
0.350
0.400
0.450
A
LA
A
R
G
A
S
N
A
S
P
C
Y
S
G
LN
G
LU G
LY
H
IS IL
E
LE
U
LY
S
M
E
T
P
H
E
PR
O
S
E
R
T
H
R
T
R
P
T
Y
R
V
A
L
S
tr
u
ct
u
re
 D
is
si
m
il
a
ri
ty
 M
e
a
su
re
 (
M
)
(a)
(b)
(c)
Figure 6.1: Measure of structure difference for the 20 amino acids in investigating the differ-
ence in their Helix structure in proteins with and without disulfide bonds. (a) n - Number of
short fragments that are significantly different. (b) p/n - Average measure indicating degree
of difference. (c) - M - Measure of structure difference.
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Amino acid n p p/n M
ALA 59 632741 10724 0.211
ARG 38 117371 3089 0.039
ASN 41 446260 10884 0.149
ASP 41 316149 7711 0.105
CYS 48 565769 11787 0.189
GLN 47 383386 8157 0.128
GLU 26 181641 6986 0.061
GLY 52 500806 9631 0.167
HIS 38 490753 12915 0.164
ILE 44 214379 4872 0.072
LEU 68 431189 6341 0.144
LYS 41 334892 8168 0.112
MET 36 387488 10764 0.129
PHE 51 511762 10035 0.171
PRO 28 248812 8886 0.083
SER 48 348041 7251 0.116
THR 73 644118 8824 0.215
TRP 37 320492 8662 0.107
TYR 58 461120 7950 0.154
VAL 70 604456 8635 0.202
Table 6.2: Measure of structure difference for the 20 amino acids in investigating the differ-
ence in their Sheet structure in proteins with and without disulfide bonds
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Figure 6.2: Measure of structure difference for the 20 amino acids in investigating the differ-
ence in their Sheet structure in proteins with and without disulfide bonds. (a) n - Number of
short fragments that are significantly different. (b) p/n - Average measure indicating degree
of difference. (c) - M - Measure of structure difference.
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Amino acid n p p/n M
ALA 98 1212355 12371 0.243
ARG 84 1057800 12593 0.212
ASN 83 793938 9566 0.159
ASP 96 632166 6585 0.127
CYS 63 933597 14819 0.187
GLN 89 617240 6935 0.124
GLU 79 669580 8476 0.134
GLY 128 3765837 29421 0.755
HIS 60 169087 2818 0.034
ILE 43 543051 12629 0.109
LEU 80 389096 4864 0.078
LYS 80 1271844 15898 0.255
MET 39 308089 7900 0.062
PHE 58 682716 11771 0.137
PRO 80 1983265 24791 0.397
SER 133 3565441 26808 0.714
THR 104 1736343 16696 0.348
TRP 44 387746 8812 0.078
TYR 75 635410 8472 0.127
VAL 56 627607 11207 0.126
Table 6.3: Measure of structure difference for the 20 amino acids in investigating the differ-
ence in their Coil structure in proteins with and without disulfide bonds
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Figure 6.3: Measure of structure difference for the 20 amino acids in investigating the differ-
ence in their Coil structure in proteins with and without disulfide bonds. (a) n - Number of
short fragments that are significantly different. (b) p/n - Average measure indicating degree
of difference. (c) - M - Measure of structure difference.
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Figure 6.4: Comparison of the measure of structure differences of the 20 amino acids in the
secondary structures Helix, Sheet and Coil
occurring as Helices than when occurring as Sheets. The other exception is VAL which is
the most different when occurring as Sheets, followed by Coils and then Helices.
The results obtained in this Section can be summarised as follows.
1. There is a significant difference in terms of dihedral angles within the same secondary
structures of all amino acids in proteins with and without disulfide bonds.
2. The difference within the same secondary structure occurs in varying degrees between
the 20 amino acids.
3. For the amino acids, differences within the same secondary region is observed mostly
in Coils, followed by Sheets and then by Helices. Two exceptions for this pattern are
GLU and VAL.
It should be noted that the aim of this experiment is to investigate whether there exists
a different within the same secondary structure regions of amino acids when they occur in
proteins with and without disulfide bonds. As shown above, we have shown that this is the
case and have also shown how they are different.
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6.3.2 Ramachandran plots
In the previous section we defined a measure of structure difference for the 20 amino acids’
differences within the same secondary structure regions. In this section, we present these
differences in terms of Ramachandran plots. This would help view the difference within the
same secondary structure in proteins with and without disulfide bonds.
We derive the Φ and Ψ points to be plotted in the Ramachandran plot as follows. In the
previous section, for a short fragment, to find whether there exists a difference in structure
within the same secondary structure region, we compared the resultant vectors of Φ and Ψ
in proteins with disulfide bonds against the corresponding resultant vectors of Φ and Ψ in
proteins without disulfide bonds. Based on this, we then grouped the short fragments based
on their middle amino acid and hence defined a measure of structure difference for the 20
amino acids. Now, to derive the Ramachandran plot for the 20 amino acids, using the group
of short fragments that has the amino acid under consideration in its middle position, we
calculate the mean direction from the resultant vectors. This is done as shown below.
As explained in Chapter 4, the direction θ is represented by the unit vector,
z =
(
cos θ
sin θ
)
=
(
x
y
)
(6.20)
and the mean direction is represented as,
z¯ =
∑n
i=1 zi
n
=
(
x¯
y¯
)
(6.21)
where
x¯ =
∑n
i=1 cos θ
n
(6.22)
y¯ =
∑n
i=1 sin θ
n
(6.23)
When using directions that are measured clockwise bound from east, the mean direction
should be calculated according to which quadrant x¯ and y¯ fall in, giving rise to four different
cases.
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1. If x¯ > 0, y¯ > 0, then the mean direction θ¯ is given by
θ¯ = arctan
( y¯
x¯
)
(6.24)
2. If x¯ < 0, y¯ > 0, then the mean direction θ¯ is given by
θ¯ = pi − α (6.25)
where
α = arctan
( y¯
|x¯|
)
(6.26)
3. If x¯ < 0, y¯ < 0, then the mean direction θ¯ is given by
θ¯ = pi + α (6.27)
where
α = arctan
( |y¯|
|x¯|
)
(6.28)
4. If x¯ > 0, y¯ < 0, then the mean direction θ¯ is given by
θ¯ = 2pi − α (6.29)
where
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α = arctan
( |y¯|
x¯
)
(6.30)
Therefore, using the above equations we calculated
1. For each of the 20 amino acids, the mean directions Φ and Ψ from the short fragments
of the Helix group in proteins with disulfide bonds (Disulfide Set).
2. For each of the 20 amino acids, the mean directions Φ and Ψ from the short fragments
of the Helix group in proteins without disulfide bonds (NonDisulfide Set).
3. For each of the 20 amino acids, the mean directions Φ and Ψ from the short fragments
of the Sheet group in proteins with disulfide bonds (Disulfide Set).
4. For each of the 20 amino acids, the mean directions Φ and Ψ from the short fragments
of the Sheet group in proteins without disulfide bonds (NonDisulfide Set).
5. For each of the 20 amino acids, the mean directions Φ and Ψ from the short fragments
of the Coil group in proteins with disulfide bonds (Disulfide Set).
6. For each of the 20 amino acids, the mean directions Φ and Ψ from the short fragments
of the Coil group in proteins without disulfide bonds (NonDisulfide Set).
Hence, for each of the 20 amino acids, we plot two Ramachandran diagrams. One with
the Φ and Ψ mean directions of the Helix, Sheet and Coil in proteins with disulfide bonds and
the other with the Φ and Ψ mean directions of the Helix, Sheet and Coil in proteins without
disulfide bonds. In both these plots, the Helix, Sheet and Coil points are differentiated.
Figure 6.5 shows such plots for the amino acid LYS. This Figure shows for the amino acid
LYS, the mean directions of the dihedral angles Φ and Ψ in the Helix region, Sheet region
and Coil region in the Disulfide Set (top in Figure) and the mean directions of the dihedral
angles Φ and Ψ in the Helix region, Sheet region and Coil region in the NonDisulfide Set
(bottom in Figure). The points of the Helix, Sheet and Coil regions are differentiated using
different symbols in the plot. This comparison visually shows the difference between the
Helix, Sheet and Coil regions of LYS when occurring in proteins with and without disulfide
bonds. The Ramachandran plots of all 20 amino acids showing the differences within their
Helix, Sheet and Coil regions when present in proteins with and without disulfide bonds are
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shown in Appendix A. In analysing the Ramachandran plots for the 20 amino acids, the one
most obvious characteristics that stands out is that the points in the Ramachandran plots for
the NonDisulfide Set is more closely clustered than the points in the Ramachandran plots
for the NonDisulfide Set. In other words, these plots show that the secondary structures
tend to take a shorter range of dihedral angle values when occurring in proteins without
disulfide bonds than compared to the range of dihedral angles when occurring in proteins
with disulfide bonds. We investigate this in detail as explained below.
Difference in Dispersions
To find whether this difference in dispersion is due to the fact that the size of the NonDisulfide
Set is much larger than the Disulfide Set (mean directions with a large population naturally
leads to a more clustered set of values), we did the following. For every amino acid, we
separately obtained the list of short fragments that have significantly different structures
within the Helix, Sheet and Coil groups when occurring in proteins with and without disulfide
bonds. Then, for each of these short fragments, we counted the number of occurrences in the
Disulfide Set. Then from the NonDisulfide Set, for the short fragment under consideration,
we obtained the dihedral angles for same number of occurrences as that of the Disulfide Set.
This was done for every short fragment for every amino acid in the Helix, Sheet and Coil
group separately. Since the number of occurrences for each short fragment is now the same
in both the Disulfide Set and the Disulfide Set, the results obtained in terms of the mean
directions are now unbiased by the size of the data sets. As explained in the previous Section,
we again calculated the mean dihedral angles for every amino acid from the new normalised
data set. The resulting Ramachandran plots for the 20 amino acids obtained from these
normalised datasets are shown in Appendix B.
These plots show that
1. The degree of clustering of the mean dihedral angles in the NonDisulfide Set has reduced
showing that the large size of this data set had some effect in the plots shown in
Appendix A.
2. At the same time, the difference in dispersion still exists between the plots of the
Disulfide Set and the NonDisulfide Set. In other words, Helices, Sheets and Coils when
occurring in proteins without disulfide bonds tend to take a smaller range of dihedral
angle values than when occurring in proteins with disulfide bonds.
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Figure 6.5: Ramachandran plot of mean directions for LYS in the Disulfide set and the
NonDisulfide set
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This difference in dispersion in the normalised data set is very obvious for GLY as shown
in Figure 6.6. This figure clearly shows that the Helix, Sheet and the Coil regions are much
more clustered in proteins without disulfide bonds (NonDisulfide Set) than in proteins with
disulfide bonds (Disulfide Set). It should be noted that these mean directions are normalised
and therefore, the differences in the size of the Disulfide Set and the NonDisulfide Set does
not affect this result. This difference is not as obvious in the other amino acids as GLY.
Therefore we define a measure to calculate this degree of dispersion of amino acids’ Helix,
Sheet and Coil regions in proteins with and without disulfide bonds.
Calculating Differences in Dispersions
In order to calculate the difference in the degree of dispersion, we did the following. For an
amino acid, we first consider all the mean dihedral angles forming the secondary structure
Helix in the Disulfide Set. For these points, we calculate the mean. In other words, we find
the center of this cluster as follows.
Φ¯ =
∑n
i=1
(
Φi + 180
)
n
(6.31)
Ψ¯ =
∑n
i=1
(
Ψi + 180
)
n
(6.32)
where Φi and Ψi are the mean dihedral angles for the short fragment i, which has the amino
acid under consideration in its middle position. In the above equations, the value 180 is
added in order to convert the values into a 360◦ scale.
Now that the center of the cluster is obtained, we define the difference measure D as
follows:
D =
√√√√∑ni=1 (√(Φ¯− Φj)2 + (Ψ¯−Ψj)2)
n
(6.33)
The above equation finds the average distance from every point of the cluster to the cluster
center. Thus the higher the D value for a cluster, the more dispersed the cluster points are.
Therefore, using Equations 6.31, 6.32 and 6.33, we calculated the dispersion difference
measure D for each amino acid’s Helix, Sheet and Coil regions in the Disulfide Set and
the NonDisulfide Set separately. The results of these calculations are shown in Table 6.4
and plotted in Figure 6.7. This figure compares the dispersion difference measure D for
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Figure 6.6: Ramachandran plot of normalised mean directions for GLY in the Disulfide set
and the NonDisulfide set
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the 20 amino acids in the Helix, Sheet and Coil regions in the Disulfide Set (SS in figure)
and the NonDisulfide Set (NSS in figure). From the figure, it is clear that all the three
secondary structure regions of the amino acids are more dispersed in the Disulfide Set than
in the NonDisulfide Set (TYR seem to be the only exception where it is more varied when
occurring as Sheets in proteins without disulfide bonds than in proteins with disulfide bonds).
In other words, this means that all three secondary structure regions (Helix, Sheet and Coil)
of the amino acids take a vast range of dihedral angles in proteins with disulfide bonds than in
proteins without disulfide bonds. Thus, this shows that the secondary structures in proteins
with disulfide bonds have more varied structures than the secondary structures in proteins
without disulfide bonds. We are unaware of any obvious reasons that would explain this
observation.
Thus, in this section,
• We presented the difference within secondary structures in proteins with and without
disulfide bonds as Ramachandran plots for all 20 amino acids.
• We showed that the secondary structures in proteins with disulfide bonds have more
varied structures than the secondary structures in proteins without disulfide bonds.
6.4 Conclusion
The goal of this chapter was to investigate whether there is a difference within the same
secondary structure regions for amino acids in proteins with and without disulfide bonds.
In other words, we investigate if there is a difference in structures within Helices, within
Sheets and within Coils of amino acids in proteins with and without disulfide bonds. We
presented the results of this investigation in two forms. First, we derived a measure of
structure difference for each amino acid’s difference in the Helix, Sheet and Coil regions.
Next, we presented these differences in terms of Ramachandran plots. By analysing these
measures and plots, in this chapter we present the following conclusions.
1. There is a significant difference in terms of dihedral angles within the same secondary
structures of all amino acids in proteins with and without disulfide bonds.
2. The difference within the same secondary structure occurs in varying degrees between
the 20 amino acids.
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Amino Acid Helix Sheet Coil
Disulfide NonDisulfide Disulfide NonDisulfide Disulfide NonDisulfide
ALA 3.2 1.9 5.8 3.6 8.3 6.8
ARG 3.8 2.4 5.4 3.5 8.5 6.9
ASN 5.3 3.5 7.5 4.4 8.5 6.4
ASP 3.6 2.1 7.1 4.1 7.8 5.9
CYS 4.2 3.5 4.4 3.8 8.7 8.0
GLN 3.5 2.5 5.3 3.7 8.7 6.8
GLU 3.4 1.9 5.8 3.8 8.2 6.9
GLY 7.8 3.2 14.4 12.4 11.4 9.4
HIS 4.8 2.9 7.4 4.1 9.1 6.3
ILE 3.7 2.1 5.2 2.6 8.3 6.7
LEU 3.1 1.9 4.8 2.6 8.1 6.8
LYS 3.3 2.3 5.5 4.5 8.6 6.3
MET 4.8 2.0 6.1 3.5 8.8 6.8
PHE 4.4 2.4 4.9 3.3 8.9 6.6
PRO 3.9 2.6 4.8 2.4 8.5 7.6
SER 3.8 2.3 6.3 3.5 8.3 7.3
THR 4.1 2.7 4.2 3.8 8.9 7.4
TRP 3.9 2.4 5.0 3.7 9.2 7.5
TYR 3.8 3.6 4.1 4.2 8.1 6.9
VAL 3.9 2.1 4.4 2.3 8.0 7.2
Table 6.4: Dispersion difference measure D for the amino acids’ secondary structure regions
in the Disulfide Set and the NonDisulfide Set
CHAPTER 6. DIFFERENCES WITHIN SECONDARY STRUCTURES 143
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
A
LA
A
R
G
A
S
N
A
S
P
C
YS
G
LN
G
LU G
LY
H
IS IL
E
LE
U
LY
S
M
ET
PH
E
PR
O
S
ER
TH
R
TR
P
TY
R
V
A
L
Helix - SS
Helix - NSS
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
A
LA
A
R
G
A
S
N
A
S
P
C
Y
S
G
LN
G
LU
G
LY
H
IS IL
E
LE
U
LY
S
M
E
T
P
H
E
P
R
O
S
E
R
T
H
R
T
R
P
T
Y
R
V
A
L
Sheet - SS
Sheet - NSS
0.0
2.0
4.0
6.0
8.0
10.0
12.0
A
LA
A
R
G
A
S
N
A
S
P
C
Y
S
G
LN
G
LU G
LY
H
IS IL
E
LE
U
LY
S
M
E
T
P
H
E
PR
O
S
E
R
T
H
R
T
R
P
T
Y
R
V
A
L
Coil - SS
Coil - NSS
Figure 6.7: Histograms comparing the amino acids’ dispersion difference measure D for the
secondary structure region Helix, Sheet and Coil in the Disulfide Set (SS) and the NonDisul-
fide Set (NSS)
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3. For the amino acids, differences within the same secondary region is observed mostly
in Coils, followed by Sheets and then by Helices. Two exceptions for this pattern are
GLU and VAL.
4. Secondary structures in proteins with disulfide bonds take a vast range of dihedral
angle values than the secondary structures in proteins without disulfide bonds. In
other words, the structures of Helices, Sheets and Coils vary more in proteins with
disulfide bonds than in proteins without disulfide bonds.
These results show that even when amino acids have the same secondary structure in
proteins with and without disulfide bonds, they still have significantly different dihedral
angles. The observation that there are significant differences within the same secondary
structure regions of amino acids in proteins with and without disulfide bonds are important
especially in the cases of Coils, as this difference could be taken into account when assigning
dihedral angles to Coils during protein structure prediction.
Chapter 7
Dihedral Angle and Secondary
Structure Database∗
7.1 Introduction
In this chapter, we present DASSD [Dayalan et al., 2004; 2006], a Dihedral Angle and Sec-
ondary Structure Database for protein structure prediction. This database stores, the Φ and
Ψ dihedral angle values and the secondary structure details for short fragments of amino
acids of lengths 1, 3 and 5. This library of short fragments was built using a set of 5,227
non-redundant protein structures. This non-redundant list of proteins was obtained from the
protein sequence culling server PISCES [Wang and Dunbrack, 2003]. The dihedral angles of
these short fragments were derived from the PDB files of the proteins and the secondary struc-
ture information was obtained using the secondary structure assignment program STRIDE
[Frishman and Argos, 1995; Heinig and Frishman, 2004]. DASSD could be used in two ways.
First, it can be used to query the dihedral angles and secondary structure details of a spe-
cific short fragment of amino acids using a web interface1. Second, it can be used as a
structure library for protein secondary structure and tertiary structure prediction methods
that use short fragments in their prediction process. This can be done by downloading the
entire database as flat files from the download option of the web interface. The design and
implementation details of DASSD is presented in the following sections.
In Section 7.2, we provide an overview of the different protein databases that are pub-
licly available. In Section 7.3 we discuss related work. Section 7.4 details the design and
∗The work presented in this chapter has appeared in [Dayalan et al., 2004; 2006]
1http://www.cs.rmit.edu.au/dassd/
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implementation of DASSD and finally in Section 7.5 we present the utility of DASSD to the
biological community.
7.2 Background - Protein Databases
In this section, we present the different types of protein databases that are publicly available.
A vast number of databases are present that store different kinds of details of proteins such as
the sequence information, structure information and the relationships between them. There
are also information retrieval databases that connect to many other databases so that the
user is able to query different databases using a single web interface.
7.2.1 Sequence Databases
The following are some of the well known protein sequence databases. Protein Sequence Data-
base (PSD), which is maintained by the Protein Information Resource (PIR) [Wu et al., 2003]
is an annotated database that stores more than 283,000 protein sequences. SWISS-PROT
[Bairoch and Apweiler, 2000; Boeckmann et al., 2003] is a manually annotated database whose
current release (54.2) has 283,454 protein sequences. TrEMBL [Bairoch and Apweiler, 2000;
Boeckmann et al., 2003] is another sequence database alongside SWISS-PROT whose entries
are computer annotated and obtained by translating the nucleotide sequences of EMBL. The
current version of TrEMBL (32.7) has 4,864,587 entries in it. Recently PSD, SWISS-PROT
and TrEMBL were combined to form the Universal Protein Resource (UniProt) [Wu et al.,
2006], a central repository for all protein sequence information. The Munich Information
Center for Protein Sequences (MIPS) [Mewes et al., 1998; 2006] is a database containing
sequence information related to genomes. Finally, OWL [Bleasby et al., 1994] is a non-
redundant composite of SWISS-PROT, PIR, GenBank and NRL-3D.
7.2.2 Structure Database
The Protein Data Bank (PDB) [Berman et al., 2000] is the central source for protein 3D
structure information. Protein structures solved by X-ray crystallography and NMR spec-
troscopy are submitted to PDB. The structure details are stored in downloadable flat files in
the form of x, y, z co-ordinates of the protein atoms. Currently PDB has more than 40,000
protein structures.
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7.2.3 Structure Classification Databases
These databases classify proteins based on their structure and group them into families.
CATH [Orengo et al., 1997; Pearl et al., 2003] classifies protein domain structures in a hi-
erarchical fashion by clustering them at four levels, Class(C), Architecture(A), Topology(T)
and Homologous superfamily(H). The current version of CATH (3.1.0) consists of 93,885 do-
mains grouped into 2,091 Homologous superfamilies, 1,084 topologies and 40 architectures.
The Structural Classification of Proteins (SCOP) database [Murzin et al., 1995; Andreeva
et al., 2004] classifies proteins based on their evolutionary and structural relationships. The
domains are classified hierarchically into families, superfamilies, folds and classes. The cur-
rent release (1.71) of SCOP has 75,930 domains classified into 971 folds, 1,589 superfamilies
and 3,004 families.
7.2.4 Secondary Structure Databases
The Dictionary of Protein Secondary Structure (DSSP) [Kabsch and Sander, 1983] is a data-
base that contains the secondary structure assignment of all protein structures of the PDB.
The secondary structure is assigned by a program also called DSSP. DSSP has the following
secondary structure classifications: H (alpha helix), B (residue in isolated beta-bridge), E
(extended strand, participates in beta ladder), G (3-helix), I (pi helix), T (hydrogen bonded
turn) and S (bend).
STRIDE [Frishman and Argos, 1995; Heinig and Frishman, 2004] is another protein sec-
ondary structure database that assigns secondary structures to protein structures of the PDB
using an algorithm with the same name. STRIDE has the following secondary structure clas-
sifications: H ( Alpha helix), G (3-10 helix), I (PI-helix), E (Extended conformation), B or
b (Isolated bridge), T (Turn) and C (Coil).
7.2.5 Motif and Domain Databases
Pfam [Sonnhammer et al., 1998; Bateman et al., 2004] is a database containing a large col-
lection of protein families and domains each represented by multiple sequence alignments
and hidden markov models. The current version of Pfam (22.0) has 9318 families. Similarly
ProDom [Corpet et al., 1998; Bru et al., 2005] is a database containing families of protein
domains, which are automatically generated by comparing all available protein sequences
in SWISS-PROT and TrEMBL. The 2005.1 release of ProDom had used 1,067,651 pro-
tein sequences from SWISS-PROT and TrEMBL and have derived 736,449 domain families.
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PRINTS [Attwood et al., 1997; Attwood, 2002] is a database that stores protein fingerprints,
which is defined as a group of conserved motifs used to characterise a protein family. The cur-
rent version of PRINTS (38.1) contains 1904 fingerprints, encoding 11,451 motifs. PROSITE
[Sigrist et al., 2002; Hulo et al., 2006] is another database of protein families and domains.
It contains documentation entries that describes domains, families and functional sites along
with patterns and profiles to identify them. The current version of PROSITE (20.19) has
1493 documentation entries, 1319 patterns and 745 profiles. Finally, BLOCKS [Henikoff and
Henikoff, 1991; 1996] is a database of protein blocks, which are multiply aligned sequence
segments that represent highly conserved regions of protein families. The current version
(14.3) of BLOCKS consists of 29,068 blocks.
7.2.6 Databanks and Information Retrieval systems
The Expert Protein Analysis System (ExPASy) [Gasteiger et al., 2003] brings various databases
and analytical tools together. ExPASy gives access to different databases such as the
SWISS-PROT, TrEMBL, SWISS-2DPAGE, PROSITE, ENZYME and the SWISS-MODEL
databases. The different tools ExPASy provides are, tools for similarity searches, pattern
and profile searches, sequence alignment and secondary and tertiary structure analysis. The
Sequence Retrieval System (SRS) [Etzold and Argos, 1993; Etzold et al., 1996] of EMBL links
a vast number of databases together such as bibliographical databases, gene dictionary and
ontology databases, nucleotide and protein sequence databases, protein function and struc-
ture databases, metabolic pathway databases and mutation and SNP databases. Similarly,
Entrez [Schuler et al., 1996] of NCBI links a vast number of databases including literature
and online books databases, nucleotide and protein sequence databases, structure databases,
taxonomy databases, genome databases and many other.
7.3 Related Work
In this Section, we discuss dihedral angle databases, the need for these databases and the
different databases that are currently available.
Dihedral angle databases store the Φ and Ψ dihedral angle details of individual and short
fragments of amino acids. Even though calculating the dihedral angle values of an entire
protein from its PDB file is straight forward, calculating all occurring dihedral angle values
of a short fragment of amino acids involves a significant amount of computation, such as first
downloading all PDB files, then extracting the dihedral angle values from all downloaded
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proteins and finally parsing through this data to obtain all occurring dihedral angle values of
the fragment. A protein structure prediction program using fragment assembly techniques
would initiate hundreds of queries to obtain dihedral angle values of different short fragments
of amino acids. Clearly, currently available structure databases are of little use for such
queries due to the above said reasons. This arises the need for a database of dihedral angles
of short fragments.
There are two dihedral angle databases that are currently available for public use. The
Conformation Angles DataBase of proteins (CADB) [Sheik et al., 2003] stores conformation
angles in two different data sets, one with 25% sequence identity and the other with 90%
sequence identity. The database provides options to visualize the main-chain and side-chain
conformation angles for a specific amino acid. CADB uses about 7,000 protein structures from
the PDB. The initial version of CADB displayed the conformation angles only for a single
amino acid and did not provide options for obtaining conformation angles for short sequences
of amino acids. This was the main disadvantage of the initial version of this database, though
in their latest version (3.0) [Conformational Angles Database, 2007] provides options to select
amino acid fragments of lengths 2 and 3.
The conformational database (CDB) [Shats et al., 1998] stores dihedral angles from 473
high-quality non-homologous protein structures from the PDB. For each amino acid residue
CDB holds information such as the PDB code, amino acid code, one letter code for residue,
values of dihedral angles, details of fractional area and energy by residue. CDB has data
about 473 proteins that have less than 20% sequence identity. CDB has the option of selecting
values for multiple parameters such as resolution, crystallographic R-factor and pattern for
amino acid sequence.
7.4 Design and Implementation
In this section we describe the design and implementation details of our Dihedral Angle and
Secondary Structure Database of short amino acid fragments, DASSD [Dayalan et al., 2004;
2006].
DASSD stores the Φ and Ψ dihedral angle values and the secondary structure details
of short fragments of amino acids. This database was designed as follows. First, a list of
non-redundant protein sequences with atomic resolutions better than 2A˚ and less than 90%
sequence similarity was obtained from the protein sequence culling server PISCES [Wang
and Dunbrack, 2003]. This list consists of 5,227 protein sequences. Then, the structure
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details (PDB files) of these 5,227 protein sequences were obtained from the PDB. Then,
using a molecular graphics program RasMol [Sayle and Bissell, 1992], we derived the Φ and
Ψ dihedral angles for all the proteins. Therefore, now for each amino acid of 5,227 protein
sequences we have the Φ and Ψ dihedral angles stored. Next, we used the secondary structure
assignment program STRIDE [Frishman and Argos, 1995; Heinig and Frishman, 2004] to
assign the secondary structure values for the 5,227 proteins. We chose STRIDE [Frishman
and Argos, 1995; Heinig and Frishman, 2004] over DSSP [Kabsch and Sander, 1983], as
STRIDE’s secondary structure assignment was shown to be better than DSSP [Frishman
and Argos, 1995]. As explained in the previous section, STRIDE has the following seven
secondary structure assignments: H (Alpha helix), G (3-10 helix), I (PI-helix), E (Extended
conformation), B or b (Isolated bridge), T (Turn) and C (Coil). Hence, now for each amino
acid of the 5,227 protein sequences, we store the Φ and Ψ dihedral angles and one of the
seven STRIDE assigned secondary structure classifications.
With the dihedral angles and the secondary structure stored from every amino acid,
in the next step, we extracted these details for short fragments of amino acids as detailed
below. In DASSD, we store the dihedral angles and the secondary structure details for short
fragments of amino acids of lengths 1, 3 and 5. First, we derive data for fragment length
1 as follows. For each of the 20 different amino acids, we parse through the 5,227 protein
sequences and extract the dihedral angles and secondary structure details of every occurrence
of the amino acid under consideration. Therefore after parsing for all 20 amino acids, we
have for every amino acid, the Φ and Ψ dihedral angles and the STRIDE assigned secondary
structure for its every occurrence in the protein data set. Next, we derive data for fragment
length 3. For this fragment length, there are 8000 different possible amino acid combinations
(20 power 3). For every one of these 8000 combinations, the protein data set was parsed
in an overlapping fashion and the Φ and Ψ dihedral angles and the secondary structure of
the middle amino acid was obtained. Similarly, the dihedral angles and secondary structure
details were derived for short fragments of length 5. Even though theoretically there are 3.2
million different combinations of amino acids for length 5, not all of these combinations are
observed in our protein data set. As a result, in total DASSD contains the dihedral angles
and secondary structure information of around 733,000 different amino acid fragments.
Using these stored details, DASSD displays the following information for a short fragment
of amino acid:
• A list of the middle amino acid’s Φ and Ψ dihedral angles
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Figure 7.1: Screen shot of DASSD showing the dihedral angles distribution and the STRIDE
secondary structure classifications of the amino acid fragment GLU-ALA-LEU
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• The Ramachandran plot of these angles
• Distribution graph of the dihedral angle Φ
• Distribution graph of the dihedral angle Ψ
• Distribution graph of the STRIDE secondary structure classification
A snapshot of the DASSD query page and the results page is shown in Figure 7.1.
DASSD can be accessed from http://www.cs.rmit.edu.au/dassd/. The entire database
can also be downloaded from the same address. Information in DASSD is stored as flat files.
For each query, PHP is used to extract information from the database. The extracted results
from DASSD are displayed using a Java Applet as shown in Figure 7.1.
7.5 Utility to biological community
DASSD would assist in ab initio structure prediction methods as explained below. Ab initio
protein structure prediction methods do not use structures of related proteins as templates as
a basis for prediction, instead they work on first principles. One of the methods used in many
ab initio structure prediction methods is to use secondary structure prediction as a starting
point to predict the tertiary structure and then use fragment assembly techniques where a
library of fragments is generated from which the proteins tertiary structure is built [Rohl
et al., 2004; Lee et al., 2004; 2005; Jones et al., 2005; Karplus et al., 2005]. The proposed
database of dihedral angles and secondary structures of short amino acid fragments would
assist such ab initio methods as fragment libraries or in building new fragment libraries. The
database can also be used to analyse the dihedral angles and secondary structure properties
of an amino acid in context with other amino acids. Such analysis would help in assigning
structures for amino acids in tertiary structure prediction and also in protein loop structure
prediction. The secondary structures of fragments in DASSD can also be used in protein
secondary structure prediction methods. In addition, the dihedral angle information stored
in DASSD would also assist in methods that use dihedral angles to predict the structure
of proteins such as [Cornilescu et al., 1999; DePristo et al., 2003; Rooman et al., 1991;
Simon Sherman and Kirnarsky, 1998].
Chapter 8
Discussion and Conclusion
The goal of this thesis was to investigate any differences in the structures of short amino
acid fragments and amino acids when they occur in proteins with disulfide bonds and when
occurring in proteins without disulfide bonds. We investigated this problem in two fronts,
using dihedral angles and using secondary structures and showed that structures in terms of
both dihedral angles and secondary structures are significantly different in amino acids when
they occur in proteins with and without disulfide bonds.
The motivation behind this investigation is that there are a class of protein tertiary
structure prediction methods known as knowledge based ab initio methods. These methods
use libraries of short fragments of amino acids to predict protein structures. The protein
structure with which these structure libraries are created are not grouped or classified in
any way apart from being non-redundant. Therefore any significant structural differences in
amino acids and short fragments when occurring in proteins with and without disulfide bonds
would remain unnoticed as these structure libraries have both fragments from proteins with
and without disulfide bonds together. As a result, this would affect the prediction process. We
therefore believe that, if the results presented in this thesis are incorporated into predicting
structures, both by secondary and ab initio methods, the resulting models would improve.
Below, we discuss the results of the investigation done in this thesis. For some results, we
also present future work and discuss ways in which it could further be investigated.
First, we present the results obtained by investigating the structure differences in terms
of dihedral angles.
1. • Result
First we showed that there is a statistically significant difference in the structures
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of short fragments of amino acids in terms of dihedral angles when they occur in
proteins with and without disulfide bonds. This investigation was done across the
entire population of short amino acid fragments and hence does not include any
information on which amino acid is different and how are they different, but shows
a generic structural difference.
• Recommendation
The first and the most important recommendation to improve the ab initio predic-
tion (obtained not just from the above presented result, but from all the results of
this thesis) is to first divide the initial data set based on the presence and absence
of disulfide bonds. This means that if the initial data set was just a set of entire
protein structures, then this needs to be divided into two sets, one with all proteins
with disulfide bonds and the other with proteins without disulfide bonds. On the
other hand, if the initial data set was a library of short fragment structures, then
these will need to be divided based on the proteins from which these fragments
were derived. In this case, the library needs to be divided into two sets, first set
consisting of fragments that were derived from proteins with disulfide bonds and
the second set consisting of fragments that were derived from proteins without
disulfide bonds.
During protein structure prediction, it is likely that the disulfide bonding state
of the protein would be known in advance, often depending on if the protein
is intra-cellular or extra-cellular. And if such knowledge is not available, then
the structure prediction methods can use disulfide bonding prediction methods
[Muskal et al., 1990; Fariselli et al., 1999; Fiser and Simon, 2000; Fariselli and
Casadio, 2001; Mucchielli-Giorgi et al., 2002; Ceroni et al., 2003] to determine if
the protein would have disulfide bonds or not. Even if this were not possible,
prediction methods can produce two models, one based on the assumption that
the target protein has disulfide bonds and the other on the assumption that the
target protein does not have any disulfide bonds. This is not a hurdle as it is not
unusual for predictors to submit multiple modes for a target sequence in CASP.
2. • Result
Next we defined measures that show the degree by which amino acids are struc-
turally different when occurring in proteins with and without disulfide bonds.
Investigating these results showed that all 20 amino acids have significant struc-
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tural differences in terms of dihedral angles in varying degrees when occurring in
proteins with and without disulfide bonds. The results also revealed new infor-
mation on possible secondary structure differences in amino acids when occurring
in proteins with and without disulfide bonds.
Next, we present the results obtained by investigating the secondary structure differences.
1. • Result
First, we show that there is a difference in the secondary structure distribution in
proteins when they do and do not have disulfide bonds. In proteins with disulfide
bonds, the amino acids occur mostly as Coils, followed by Sheets and Helices and
in proteins without disulfide bonds, amino acids occur mostly as Helices, followed
by Coils and Sheets. This result is interesting because it indicates that proteins
with disulfide bonds have more Sheets than Helices, whereas proteins without
disulfide bonds have more Helices than Sheets.
• Future work
It would be interesting to investigate the reason behind this observation. Also
one could further investigate these results by analysing the motifs and domains
of proteins with and without disulfide bonds separately. Any significant result
achieved would most definitely assist in tertiary structure prediction.
2. • Result
We also show that there is a difference in the secondary structure distributions
of a majority of amino acids (13 out of 20) when they occur in proteins with
and without disulfide bonds. This means that for example, an amino acid mostly
occurring as say Helix in proteins with disulfide bonds would mostly occur as
Sheets or Coils in proteins without disulfide bonds.
• Recommendation
This result should be used in secondary structure prediction methods. Most of the
secondary structure prediction methods use neural networks and other machine
learning techniques. With such differences in the secondary structure preferences
of more than half the amino acids, dividing the training set based on proteins with
and without disulfide bonds is highly likely to improve the predictions.
3. • Result
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Next, we also show that three amino acids have different secondary structure
propensities when occurring in proteins with and without disulfide bonds. In
analysing the secondary structure propensities, it was also observed that the amino
acid similarity based on secondary structure propensities are different.
• Recommendation
As per the recommendation of the previous result, the result of secondary structure
propensities should be used in secondary structure prediction methods.
4. • Result
Finally, we show that there is a significant difference in terms of dihedral angles
within the same secondary structures of all amino acids in proteins with and
without disulfide bonds and that these differences vary between the 20 amino
acids. We also show that secondary structures in proteins with disulfide bonds
take a vast range of dihedral angle values than the secondary structures in proteins
without disulfide bonds. In other words, the structures of Helices, Sheets and
Coils vary more in proteins with disulfide bonds than in proteins without disulfide
bonds.
Therefore, we have clearly shown significant structure differences in terms of both dihedral
angles and secondary structures in amino acids and short fragments when they occur in
proteins with and without disulfide bonds. We suggest that, secondary and tertiary structure
prediction methods make use of our results and recommendations to improve their prediction
quality.
In this thesis, we showed that there are significant structural differences in proteins with
and without disulfide bonds, but this study does not extend to investigating the causes of
these differences. But we would like to present some thoughts on possible reasons behind the
observed differences in structures in proteins with and without disulfide bonds.
It is unlikely that the observed structural differences in proteins with and without disul-
fide bonds are a result of artifacts of X-ray crystallography or NMR spectroscopy. This is due
to the following reasons. First, any such artifact would be common across the entire range
of protein structures as during structural determination, no differences are made between
proteins with and without disulfide bonds. Hence it is not feasible that these artifacts could
probably be a cause for the observed differences. Second, in this work we have shown signif-
icant structural differences in terms of both dihedral angles as well as secondary structures.
Even if we were to assume that the artifacts would affect the dihedral angles calculation,
CHAPTER 8. DISCUSSION AND CONCLUSION 157
it is highly unlikely that it would as well as affect the secondary structures of amino acids.
This is because the secondary structure of an amino acid is not just calculated based on
its properties, but also based on its neighboring amino acids. Therefore any such artifacts
should affect whole secondary structure regions, which is unlikely.
The most obvious factor that stands out when discussing differences between proteins
with and without disulfide bonds in the chemical environment in which these proteins reside.
An oxidative environment is needed for disulfide bonds to form and hence the presence and
absence of the oxidative environment could contribute to the observed structural differences.
Another possible factor that might contribute to the difference is that the presence of
disulfide bonds may distort the otherwise lowest energy conformation of the protein. If this
were true, then proteins with disulfide bonds would exhibit greater range of conformations
than proteins without disulfide bonds. In other words, the Ramachandran plots of amino
acids from proteins with disulfide bonds should be more scattered than those of the amino
acids from proteins without disulfide bonds. This observation is indeed shown from the
graphs of both Appendices A and B.
Along similar lines, another contributing factor might be that, since disulfide bonds are
strong covalent bonds in proteins, the regions connected by these bonds could be more
resistant to structural change than the rest of the protein. Due to this resistance in a
region, during evolution of protein structures, other regions might have a higher degree of
conformational change when compared to conformational change in proteins without such
resistance. If this were true, then the amino acids in proteins with disulfide bonds should
exhibit a greater range of conformations than the amino acids in proteins without disulfide
bonds. Again, this is observed in the graphs of Appendices A and B.
Therefore, to understand the reasons behind the observed structural changes in this thesis,
an investigation could start by first focussing on the above ideas.
Appendix A
Differences Within Secondary
Structures
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Figure A.1: Ramachandran plot of mean directions for ALA in the Disulfide set and the
NonDisulfide set.
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Figure A.2: Ramachandran plot of mean directions for ARG in the Disulfide set and the
NonDisulfide set.
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Figure A.3: Ramachandran plot of mean directions for ASN in the Disulfide set and the
NonDisulfide set.
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Figure A.4: Ramachandran plot of mean directions for ASP in the Disulfide set and the
NonDisulfide set.
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Figure A.5: Ramachandran plot of mean directions for CYS in the Disulfide set and the
NonDisulfide set.
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Figure A.6: Ramachandran plot of mean directions for GLN in the Disulfide set and the
NonDisulfide set.
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Figure A.7: Ramachandran plot of mean directions for GLU in the Disulfide set and the
NonDisulfide set.
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Figure A.8: Ramachandran plot of mean directions for GLY in the Disulfide set and the
NonDisulfide set.
APPENDIX A. DIFFERENCES WITHIN SECONDARY STRUCTURES 167
-150
-100
-50
0
50
100
150
-150 -100 -50 0 50 100 150
P s
i
Phi
HIS - Disulfide
Helix
Sheet
Coil
-150
-100
-50
0
50
100
150
-150 -100 -50 0 50 100 150
P s
i
Phi
HIS - NonDisulfide
Helix
Sheet
Coil
Figure A.9: Ramachandran plot of mean directions for HIS in the Disulfide set and the
NonDisulfide set.
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Figure A.10: Ramachandran plot of mean directions for ILE in the Disulfide set and the
NonDisulfide set.
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Figure A.11: Ramachandran plot of mean directions for LEU in the Disulfide set and the
NonDisulfide set.
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Figure A.12: Ramachandran plot of mean directions for LYS in the Disulfide set and the
NonDisulfide set.
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Figure A.13: Ramachandran plot of mean directions for MET in the Disulfide set and the
NonDisulfide set.
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Figure A.14: Ramachandran plot of mean directions for PHE in the Disulfide set and the
NonDisulfide set.
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Figure A.15: Ramachandran plot of mean directions for PRO in the Disulfide set and the
NonDisulfide set.
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Figure A.16: Ramachandran plot of mean directions for SER in the Disulfide set and the
NonDisulfide set.
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Figure A.17: Ramachandran plot of mean directions for THR in the Disulfide set and the
NonDisulfide set.
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Figure A.18: Ramachandran plot of mean directions for TRP in the Disulfide set and the
NonDisulfide set.
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Figure A.19: Ramachandran plot of mean directions for TYR in the Disulfide set and the
NonDisulfide set.
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Figure A.20: Ramachandran plot of mean directions for VAL in the Disulfide set and the
NonDisulfide set.
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Figure B.1: Ramachandran plot of the normalised mean directions for ALA in the Disulfide
set and the NonDisulfide set
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Figure B.2: Ramachandran plot of the normalised mean directions for ARG in the Disulfide
set and the NonDisulfide set
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Figure B.3: Ramachandran plot of the normalised mean directions for ASN in the Disulfide
set and the NonDisulfide set
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Figure B.4: Ramachandran plot of the normalised mean directions for ASP in the Disulfide
set and the NonDisulfide set
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Figure B.5: Ramachandran plot of the normalised mean directions for CYS in the Disulfide
set and the NonDisulfide set
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Figure B.6: Ramachandran plot of the normalised mean directions for GLN in the Disulfide
set and the NonDisulfide set
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Figure B.7: Ramachandran plot of the normalised mean directions for GLU in the Disulfide
set and the NonDisulfide set
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Figure B.8: Ramachandran plot of the normalised mean directions for GLY in the Disulfide
set and the NonDisulfide set
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Figure B.9: Ramachandran plot of the normalised mean directions for HIS in the Disulfide
set and the NonDisulfide set
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Figure B.10: Ramachandran plot of the normalised mean directions for ILE in the Disulfide
set and the NonDisulfide set
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Figure B.11: Ramachandran plot of the normalised mean directions for LEU in the Disulfide
set and the NonDisulfide set
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Figure B.12: Ramachandran plot of the normalised mean directions for LYS in the Disulfide
set and the NonDisulfide set
APPENDIX B. NORMALISED DIFFERENCESWITHIN SECONDARY STRUCTURES192
-150
-100
-50
0
50
100
150
-150 -100 -50 0 50 100 150
P s
i
Phi
MET - Disulfide
Helix
Sheet
Coil
-150
-100
-50
0
50
100
150
-150 -100 -50 0 50 100 150
P s
i
Phi
MET - NonDisulfide
Helix
Sheet
Coil
Figure B.13: Ramachandran plot of the normalised mean directions for MET in the Disulfide
set and the NonDisulfide set
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Figure B.14: Ramachandran plot of the normalised mean directions for PHE in the Disulfide
set and the NonDisulfide set
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Figure B.15: Ramachandran plot of the normalised mean directions for PRO in the Disulfide
set and the NonDisulfide set
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Figure B.16: Ramachandran plot of the normalised mean directions for SER in the Disulfide
set and the NonDisulfide set
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Figure B.17: Ramachandran plot of the normalised mean directions for THR in the Disulfide
set and the NonDisulfide set
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Figure B.18: Ramachandran plot of the normalised mean directions for TRP in the Disulfide
set and the NonDisulfide set
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Figure B.19: Ramachandran plot of the normalised mean directions for TYR in the Disulfide
set and the NonDisulfide set
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Figure B.20: Ramachandran plot of the normalised mean directions for VAL in the Disulfide
set and the NonDisulfide set
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